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    The problem  investigated   in this thesis  is  how  to influence 
the internal  air  temperature  of the greenhouse.The  internal air  
temperature   depends  on   the outside weather conditions  and 
the heat gains and losses  from and  to the greenhouse . 
The main objective in this thesis is the simulation of greenhouse 
with   PCMs.The PCM    problem  was solved   as one 
dimensional  problem  in a rectangular   container (rectangular 
coordinates)  for   two types of  boundary conditions; first  with 
constant end wall temperature,  and second  with  constant  
temperature of  fluid (air)  at the end walls. 
      A gutter connected  model  of   the  greenhouse without  PCM  
was  simulated in 23 July   for  AL_Aroub  Agricultural School, 12  
km north of Hebron. Its outside temperature and its direct solar 
radiation was used   in that day. It was noticed   that by changing 
the cover of the greenhouse and the outside wind speed, the 
inside air temperature of this model changes.  
     After that, this greenhouse model   was simulated with 
different PCMs inside it. Assuming that the rectangular 
containers that are filled with PCM and the total convectional 
surface area equals 400 m2. 
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Three days all over the year were chosen for the 
simulation. These were the 23rd of July, 21st of January, and 21st 
of April; one was in Summer, the second was in Winter, and the 
third was in Spring. The model was simulated with different 
PCMs and different cover materials of the greenhouse model. 
The main conclusion is that the PCMs can be used to 
control the air temperature inside the greenhouse. In July, the 
PCM will lower the air temperature at mid-day time. Whereas, in 
winter time the PCM will raise the air temperature of the 
greenhouse at the night time. 
To raise   the convectional heat transfer at the PCM 
surface fans must be used. Simulation  using fans gave good 
results in controlling greenhouse temperature at summer and 
winter days . 
The types of cover materials investigated in the simulation 
are double polyethylene, single polyethylene, fiberglass, and 
glass. Each of them has its own thermophysical properties; the 
values of thermal conductivity and the transmittance coefficient 
of  double polyethylene  are lower than the values of  remaining 
two covers, while  the  fiberglass has a larger  transmittance 
coefficient  than the single polyethylene, and single polyethylene 
has  a larger thermal conductivity  larger than  the   fiberglass. 
 Using double polyethylene,  will lower the heat loss from 
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the greenhouse, and this will prevent  the lowering of the inside  
           air temperature, especially in winter.
              ﺺﻣﻠﺨ
 ﻟﺰﺟѧﺎﺟﻲ اﻟﻤﺸﻜﻠﺔ اﻟﺘﻲ ﺑﺤﺜﺖ ﻓﻲ هﺬﻩ اﻟﺮﺳﺎﻟﺔ هﻲ اﻟﺘﺤﻜﻢ ﻓﻲ درﺟѧﺔ ﺣѧﺮارة اﻟﺒﻴѧﺖ ا        
 ﺰﺟѧﺎﺟﻲ  َﺗﻌﺘﻤѧُﺪ درﺟѧَﺔ ﺣѧﺮارة اﻟﻬѧﻮاء داﺧѧﻞ اﻟﺒﻴѧﺖ اﻟ ﺣﻴѧﺚ اﻟﻤﺴﺘﺨﺪم ﻷﻏﺮاض اﻟﺰراﻋѧﺔ ، 
 ةﺴﺐ وﺧѧﺴﺎر آѧ ﺤѧﺪث ﻳﻰ ﺿѧﻮء ذﻟѧﻚ ﺑﺸﻜﻞ ﻣﺒﺎﺷѧﺮ ﻋﻠѧﻰ  اﻷﺣѧﻮال اﻟﺠﻮﻳѧِﺔ  ﺧﺎرﺟѧﻪ، وﻋﻠѧ 
 . ﻟﺰﺟﺎﺟﻲﻠﺤﺮارَة ِﻣْﻦ وإﻟﻰ  اﻟﺒﻴﺖ اﻟ
 ﺑﺪاﺧﻠѧﻪ ﻣѧﺎدة    ﻣﺤﺎآѧﺎُة اﻟﺒﻴѧﺖ اﻟﺰﺟѧﺎﺟﻲ  اﻟѧﺬي  اﻟﺮﺳѧﺎﻟﺔ هѧﻮ إّن اﻟﻬﺪَف اﻟﺮﺋﻴѧﺴَﻲ ﻓѧﻲ هѧﺬﻩ 
  . ﻣﻨﺎﺳﺒﺔ إﻧﺼﻬﺎرﻟﻬﺎ درﺟﺔ ﺣﺮارة 
  ، ﺣﻴѧﺚ ان اﻟﻨﻤѧﻮذج   ﻣﺎدة ﺗﻐﻴﺮ ﺣﺎﻟﺘﻬѧﺎ إﻟﻰ اﻟﺤﺮارة اﻧﺘﻘﺎلﻓﻲ اﻟﺒﺪاﻳﺔ  ﻗﻤﺖ  ﺑﺤﻞ وﺗﻤﺜﻴﻞ 
 ﻣѧﺼﻨﻮع ﻣѧﻦ ﻄﻴﻼتوﻋﺎء ﻋﻠѧﻰ ﺷѧﻜﻞ ﻣﺘѧﻮازي ﻣѧﺴﺘ ة ﺧﻼﻟﻪ هﻮ اراﻟﺬي ﻣﺜﻠﺖ اﻧﺘﻘﺎل اﻟﺤﺮ 
  ﻣѧﻦ وﺟﻬѧﻴﻦ إﻻ اﻷوﺟﻪ  ﺑﺤﻴﺚ ﻳﻔﺘﺮض ﻋﺰﻟﻪ ﻣﻦ ﺟﻤﻴﻊ ﻣﺎدة ﻣﻌﺪﻧﻴﺔ وﺑﺪاﺧﻠﻪ هﺬﻩ اﻟﻤﺎدة 
 .ﻣﺘﻘﺎﺑﻠﻴﻦ  ﺣﺘﻰ  ﺗﻨﺘﻘﻞ اﻟﺤﺮارة ﺑﺪاﺧﻠﻪ ﻓﻲ اﺗﺠﺎﻩ واﺣﺪ
  ﺗﺜﺒﻴѧѧѧﺖ ﺣѧѧѧﺮارة ﺮاض ﺗѧѧѧﻢ اﻓﺘѧѧѧهѧѧѧﺬﻩ اﻟﻤѧѧѧﺸﻜﻠﺔ ﺣﻠѧѧѧﺖ ﺑѧѧѧﺸﺮﻃﻴﻦ ﺣѧѧѧﺪﻳﻴﻦ ﻣﺨﺘﻠﻔѧѧѧﻴﻦ ، اﻷول 
اﻧﺘﻘﺎل اﻟﺤﺮارة ﺑﺎﻟﺤﻤѧﻞ ﺑѧﻴﻦ اﻟﻬѧﻮاء وﺳѧﻄﺤﻲ اﻟﻤѧﺎدة  أن ﻋﻠﻰ اﻋﺘﺒﺎر واﻟﺜﺎﻧﻲاﻟﻮﺟﻬﻴﻦ  ، 
  .اﻟﻤﺨﺰﻧﺔ ﻟﻠﺤﺮارة
ﻋﻠѧﻰ  اﻟُﻤَﻮﺻﱠѧِﻠﺔﻣѧﻦ ﻧѧﻮع اﻟﻤѧﺰا رﻳѧﺐ  ﻣﺤﺎآѧﺎة ﻧﻤѧﻮذج  اﻓﺘﺮاﺿѧﻲ  ﻟﻠﺒﻴѧﺖ اﻟﺰﺟѧﺎﺟﻲ آѧﺬﻟﻚ 
 واﺳѧѧﺘﻌﻤﺎل درﺟѧѧﺔ اﻟﺤѧѧﺮارة و  آѧѧﻢ ﺷѧѧﻤﺎل اﻟﺨﻠﻴѧѧﻞ 21ﻓѧѧﺮض وﺟѧѧﻮدﻩ ﻓѧѧﻲ ﻣﻨﻄﻘѧѧﺔ اﻟﻌѧѧﺮوب 
ﻧﻮﻋﻴѧѧﺔ ﻏﻄѧѧﺎء اﻟﺒﻴѧѧﺖ ﺗѧѧﺄﺛﻴﺮ و آѧѧﺬﻟﻚ ﻣﻼﺣﻈѧѧﺔ ﺷѧѧﻌﺎع اﻟﺸﻤѧѧﺴﻲ اﻟﻤﺒﺎﺷѧѧﺮ ﻟﻬѧѧﺬﻩ اﻟﻤﻨﻄﻘѧѧﺔ اﻹ
  .  ﻓﻲ ﺣﺮارة اﻟﻬﻮاء ﺑﺪاﺧﻠﻪ و ﺳﺮﻋﺔ اﻟﻬﻮاء ﺧﺎرﺟﻪاﻟﺰﺟﺎﺟﻲ
  
 ﺗﻐﻴѧﺮ ﺎدةﻣѧ اﻓﺘѧﺮاض و ﺟѧﻮد   ﻋﻠѧﻰ ﻟﺰﺟѧﺎﺟﻲ هﺬا اﻟﻨﻤѧﻮذج ﻟﻠﺒﻴѧﺖ ا  ﻣﺤﺎآﺎة و ﻓﻲ اﻟﻨﻬﺎﻳﺔ ﺗﻢ 
 وﺑﻤﺴﺎﺣﺔ اﻟﺰﺟﺎﺟﻲﻟﺒﻴﺖ  داﺧﻞ ا اﻷرض  ﺑﺤﻴﺚ ﺗﻮﺿﻊ ﻓﻮق  ﻣﻌﺪﻧﻴﺔ أوﻋﻴﺔ ﺑﺪاﺧﻞ ﺣﺎﻟﺘﻬﺎ 
  آѧѧﻢ ﺷѧѧﻤﺎل اﻟﺨﻠﻴѧѧﻞ ﺗѧѧﻢ 21وﻋﻠѧѧﻰ اﻓﺘѧѧﺮاض وﺟѧѧﻮد اﻟﺒﻴѧѧﺖ ﻓѧѧﻲ ﻣﻨﻄﻘѧѧﺔ اﻟﻌѧѧﺮوب  ، 2م004
  ﺗﻤѧﻮز  32  ﻣﺨﺘﻠﻔѧﺔ أﻳѧﺎم ﻣﺤﺎآﺎة هﺬا اﻟﺒﻴﺖ وﺗﻤﺜﻴѧﻞ درﺟѧﺔ اﻟﺤѧﺮارة  ﻟﻬﻮاﺋѧﻪ  ﺧѧﻼل ﺛﻼﺛѧﺔ 
  . آﺎﻧﻮن اﻟﺜﺎﻧﻲ12  و ﺷﺒﺎط 12و
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    ﻲ اﻟﺒﻴﺖ اﻟﺰﺟﺎﺟﻲ ﻓﻲ اﻟﺼﻴﻒﻣﻦ ﺧﻼل اﻟﻨﺘﺎﺋﺞ هﺬﻩ اﻟﻤﺎدة ﺗﻠﻄﻒ ﺣﺮارة اﻟﻬﻮاء ﻓ          
.اﻟѧѧѧѧѧﺸﺘﺎء اﻟﻤﺸﻤѧѧѧѧѧﺴﺔ ﻧﻬѧѧѧѧѧﺎرا ﺗﺮﻓѧѧѧѧѧﻊ درﺟѧѧѧѧѧﺔ ﺣѧѧѧѧѧﺮارة اﻟﻬѧѧѧѧѧﻮاء ﻟѧѧѧѧѧﻴﻼ  أﻳѧѧѧѧѧﺎم  وﻓѧѧѧѧѧﻲ      
ﺐ اﺳѧﺘﻌﻤﺎل ﺠѧ  ﻟﺰﻳﺎدة ﻣﻌﺎﻣﻞ اﻟﺤﻤѧﻞ اﻟﺤѧﺮاري ﻟѧﺴﻄﺢ اﻟﻤѧﺎدة اﻟﺘѧﻲ ﺗﺤѧﻮل ﺣﺎﻟﺘﻬѧﺎ  ﻳ         
 آﺎﻧﺖ ﺟﻴﺪة  ﻓﻲ أﻳﺎم اﻟѧﺼﻴﻒ و  ﻋﻨﺪ اﺳﺘﻌﻤﺎل اﻟﻤﺮاوح اﻟﻤﺤﺎآﺎة ﻧﺘﺎﺋﺞ ﺣﻴﺚ أن   ﻣﺮاوح،
  .ءاﻟﺸﺘﺎ
 اﻟﺘѧﻲ اﻷﻏﻄﻴѧﺔ آﺬﻟﻚ ﺗﻢ ﻣﺤﺎآѧﺎة اﻟﺒﻴѧﺖ اﻟﺰﺟѧﺎﺟﻲ ، ﺑﺘﻐﻴﻴѧﺮ اﻟﻐﻄѧﺎء اﻟﻤѧﺴﺘﻌﻤﻞ ﺣﻴѧﺚ          
 ، أو  ﻃﺒﻘﺘѧﻴﻦ ﺑѧﻮﻟﻲ  اﻳﺜﻠѧﻴﻦأو  ﻃﺒﻘѧﺔ واﺣѧﺪة  ﺑѧﻮﻟﻲ  اﻳﺜﻠѧﻴﻦ ،أو اﻓﺘﺮﺿѧﺖ هѧﻲ اﻟﺰﺟѧﺎج ،
ﺣﻴѧﺚ أن اﻷﻟﻴﺎف اﻟﺰﺟﺎﺟﻴﺔ، آﻞ ﻣﻦ هﺬﻩ اﻷﻏﻄﻴﺔ ﻟﻪ ﺧﺼﺎﺋﺺ ﺣﺮارﻳﺔ  ﺗﻤﻴﺰﻩ ﻋѧﻦ اﻵﺧﺮ، 
ﻣﻌﺎﻣѧﻞ ﻧﻔﺎذﻳѧﺔ ﻟﻠѧﻀﻮء أﻗѧﻞ ﻣѧﻦ اﻟﺒѧﻮﻟﻲ ﻘﺘﻴﻦ ﻟѧﻪ ﻣﻮﺻѧﻠﻴﺔ ﺣﺮارﻳѧﺔ و اﻟﺒﻮﻟﻲ إﻳﺜﻠﻴﻦ ذو اﻟﻄﺒ 
ﻣﻌﺎﻣѧѧﻞ ﻧﻔﺎذﻳѧѧﺔ ﻟﻠѧѧﻀﻮء ﻟﻼﻟﻴѧѧﺎف  اﻳﺜﻠѧѧﻴﻦ ذو اﻟﻄﺒﻘѧѧﺔ اﻟﻮاﺣѧѧﺪة و اﻻﻟﻴѧѧﺎف اﻟﺰﺟﺎﺟﻴѧѧﺔ،ﺑﻴﻨﻤﺎ 
اﻟﻤﻮﺻѧﻠﻴﺔ اﻟﺤﺮارﻳѧﺔ  اﻟﺰﺟﺎﺟﻴﺔ اآﺒѧﺮ ﻣѧﻦ ﺗﻠѧﻚ اﻟﺘѧﻲ ﻟﻠﺒѧﻮﻟﻲ اﻳﺜﻠѧﻴﻦ ذو اﻟﻄﺒﻘѧﺔ اﻟﻮاﺣѧﺪة، و 
  .اﻟﺘﻲ ﻟﻼﻟﻴﺎف اﻟﺰﺟﺎﺟﻴﺔﻟﻠﺒﻮﻟﻲ اﻳﺜﻠﻴﻦ ذو اﻟﻄﺒﻘﺔ اﻟﻮاﺣﺪة اآﺒﺮ ﻣﻦ ﺗﻠﻚ 
 اﺳﺘﻌﻤﺎل اﻟﺒѧﻮﻟﻲ اﻳﺜﻠѧﻴﻦ ذو اﻟﻄﺒﻘﺘѧﻴﻦ ﻳﺨﻔѧﻒ ﺗѧﺴﺮب اﻟﺤѧﺮارة ﺧѧﺎرج اﻟﺒﻴѧﺖ اﻟﺰﺟѧﺎﺟﻲ     
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A  Total cover surface area of the greenhouse [m2]. 
ACH  Number of air exchanges . 
Ai  Greenhouse cover surface area  i  (south ,north ,east ,west, 
or roof) [m2]. 
Apcm                  Total  surface  area of  phase change  material [m2]. 
c                Specific  heat of  phase change material[J kg-1 oC]. 
cair            Specific  heat of   air [J kg-1 oC-1]. 
cair            Specific  heat of   air [J kg-1 oC-1]. 
f l                      Liquid fraction . 
H                         Total enthalpy [J kg-1] . 
h                         Sensible   enthalpy [J kg-1]. 
hpcm  Heat transfer coefficient  from phase change material 
surface[W m-2 oC-1] . 
I solar   radiation intensity beneath the covering material 
 [W m-2]. 
Io solar    radiation intensity beneath the covering material  
[W m-2]. 
k               Conductivity    [W m-1oC-1]. 
L               Latent  heat of  fusion [J kg-1]. 
Q  heat   gain or  loss  [W]. 
Qinf  infiltration heat losses [W] 
Qsolar  solar energy entering the greenhouse useful to  increase 
internal temperature [W]. 
Qt  Heat transmission losses through walls and roof [W]. 
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t  Time [s]. 
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Chapter 1 
                                      Introduction   
      Dr. James Langer, Chairman of the DOE-NSF National 
Workshop on Advanced Scientific Computing, 30-31 July 1998, 
states: [1] 
“. . . scientific computation has reached the point where it is on 
a par with laboratory  experiment and mathematical theory as a 
tool for research in science and  engineering. The computer 
literally is providing a new window through which we can 
observe the natural world in exquisite detail.” 
Indeed, we now have the ability to solve many problems arising 
in the natural sciences that   would have been deemed 
intractable only a few decades ago. It cannot be overstressed; 
however, that scientific computation is a research tool not 
different from any other experimental apparatus.  
Langer continues:[1] 
     “It is essential to recognize that numerical simulation 
enhances, and does not substitute for, experimental and 
theoretical research. Meaningful simulations are based on 
reliable experimental and theoretical inputs, and their outputs 
are useful only if validated in the laboratory or the 
manufacturing plant .The best scientific simulations lead to new 
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theoretical understanding and to new  experimental  
discoveries.” 
     It is in this interdisciplinary frame of mind that this thesis 
covers the development and computational solution of a 
numerical intractable   problem taken from   mechanical 
engineering.       
      By definition a greenhouse is a structure covering ground 
with transparent material that utilizes solar radiation for 
growing a plant, glazing materials used in solar greenhouses 
should allow the greatest amount of solar energy to enter into 
the greenhouse while minimizing energy loss, using the 
greenhouse for growing plants  will return a profit to the owner 
risking time and capital [2]. The greenhouse is used for 
overcoming climatic adversity, where suitable environment is 
maintained and created inside it for optimum plant growth, such 
that you can plant tomatoes in winter. 
Although greenhouses provide a protected environment 
for plants, they themselves are in contact with the outside 
environment, which leads to energy transfer between the inside 
and the outside of the greenhouses. 
        Hence, in order to keep the inside conditions suitable 
against varying outside conditions, the greenhouses have to be 
heated, cooled,   and ventilated depending on outside climatic 
conditions.  
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Since   the primary aim of protected cultivation is to increase 
profits by improving product quality and increasing crop yield, 
the climate control system must be adequate to maintain the 
desired day or night temperature, and  must be as cheap and as 
reliable as possible. 
       Controlling the greenhouse temperature, can be performed 
using different systems and energy sources, such as: fossil 
fuels, and phase change materials (pcms). Each of these 
systems has its advantages and disadvantages in the 
greenhouse heating system. 
        Heating systems utilizing fossil fuels might have low initial 
cost, but their running costs are high, as well as causing 
pollution to the environment. On the other hand  pcms   energy 
storage systems might have high initial costs but low running 
costs and are pollution free, safe  to use,  and  storing   high  
energy,  but   their  disadvantage  is their low conductivity 
which  results in lowering the amount of energy stored or 
released from them . 
        In this thesis, a PCM system was designed for a typical         
Palestinian  greenhouse, then a computer simulation of the 
heated greenhouse was made in order to further understand the 
response of   the greenhouse to changes in outside conditions, 
and whether the heating system used can cope with these   
changes, and maintain the desired conditions. Pcms  undergo  
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phase change in its state, and can store large  amount of heat  
and release it later when needed. Scientists developed 
commercial   kinds of pcms, that are  used as heat storage 
devices, these devices with pcms are used in  houses  and 
greenhouses. The pcm problem was taken to be one   
dimensional, and  solved  by  the familiar numerical  solution 
which is the enthalpy formulation [3].  
         The model of the   PCM is  a rectangular   stainless steel 
container that filled with pcm, and insulated from  all  sides 
except  two opposite sides. The PCM   problem was solved as 
one dimensional problem for two boundary conditions; 
constant temperature at the end walls, and constant fluid (air) 
temperature at the end walls; which is a convectional heat  
transfer  boundary condition. Two different computer programs 
were written in Java language to simulate and solve the 
problem. Then a model of greenhouse was chosen as gutter 
connected model, the outside conditions were  chosen at Al-
Aroub  12 km  north  Hebron.  
      The heat balance equation of the greenhouse without PCM  
inside  it,  was solved numerically  with a computer program  in 
Java language.  The outside conditions were taken in Al-Aroub, 
the cover of the greenhouse and the outside air velocity were 
changed in the greenhouse model to find their effect on the 
inside air temperature of the greenhouse. 
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      Finally the mathematical  model of the greenhouse with  
pcm  was solved numerically  and a computer program was 
written in Java language to solve the problem  for three days  in 
different months 23th July, 21th February, and  23th April. The 
greenhouse was modeled as gutter connected and a 
rectangular pcms was modeled to be distributed inside the 
greenhouse, the mathematical  model of the greenhouse  with 
pcm  was solved for different  pcms  and different cover 
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Chapter 2 
Phase Change Materials (PCMs) 
 2.1 Types of heat storage: 
         Energy storage devices are essential whenever the supply 
and consumption of energy varies independently with time. 
These devices have three methods of storing thermal energy: 
sensible, latent, and thermochemical heat, or cold storage. 
       Thermochemical storage offers an order of magnitude 
larger   heat storage capacity compared to sensible heat 
storage. However, this technology is still in the development 
phase. A latent heat storage system (LHTS) is preferable to 
sensible heat storage in applications with a small temperature 
variation because of its nearly isothermal storing mechanism   
and high storage density. 
 2.1.1   Sensible heat storage  
         Storing the heat inside the material without changing its 
phase  like concrete, rocks, or  metals, these materials  cannot  
be heated  or cooled  isothermally.  
Rocks  can be used to store  the solar heat  enters the 
greenhouse, also brick or concrete-filled cinder block walls at 
the back (north side) of the greenhouse can also provide heat 
storage.  
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2.1.2   Latent heat storage: 
      Storing the heat inside a material,  that undergoes phase 
change, like paraffin, salt hydrates, which  are called PCMs  
they can be heated or cooled  isothermally and non 
isothermally. 
2.1.3 Thermochemical heat 
     Thermochemical systems  absorb and  release   the    energy 
by  breaking  and reforming  molecular  bonds in a completely 
reversible chemical reactions. A thermochemical reaction 
requires large quantities of energy input, at elevated 
temperatures the energy storing reaction reverses, this reaction 
are typically unreactive at ambient temperatures,  an example of  
a thermochemical reaction is water dissociation into hydrogen 
and oxygen.  [4] 
2.2 what  is  PCM: 
        It is a chemical material, solid or liquid or powder at the 
room   temperature. When the pcm undergoes its phase change 
a large amount of energy is required or released, this energy is 
called the latent heat. The pcm can undergo its phase change 
thousands of times without affecting its   properties. 
2.3 Advantages and disadvantages of PCMs 
The advantage of PCM storage compared to sensible heat 
storage systems, such as water storage, is its potential to store 
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large amounts of heat  during its phase change with only a 
small temperature variation. The main disadvantage of pcm is 
that it has low heat-conductivity (k), the heat-conductivity of 
paraffins,  varies between 0.1 and 0.2 W m-1 K-1 and that of salt 
hydrates between 0.4 and 0.6  W m-1 K-1, depending on the 
material. This low conductivity will affect the charging and 
discharging processes; it lowers the amount of heat stored or 
discharged.  [5] 
2.4 Types of PCMs 
     Pcms may be inorganic or organic materials. The phase 
changes comprise predominantly solid-liquid transitions for 
thermal storage applications in buildings. 
2.4.1  Inorganic pcms 
     Early efforts in the development of latent heat storage 
materials used inorganic PCMs. These materials were  studied 
extensively in the early stages of research into PCMs in order to 
increase the amount of energy stored inside it through their 
phase transitions,  these  materials are salt hydrates, including 
Glauber’s salt (sodium sulphate decahydrate). The thermal 
properties of these materials are shown in Table 2.1.  
These pcms have some attractive properties including: 
1. high latent heat values reach to 290 kJ  kg -1. 
2.   inflammability. 
     However, inorganic pcms have some unsuitable 
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characteristics. These include corrosiveness, instability, 
improper re-solidification, and a tendency to supercool. As they 
require containment, they have been deemed unsuitable for 
impregnation into porous building materials. Thus, Unsuitable 
characteristics have led to the investigation of organic pcms for 
this purpose. 
Table 2.1 Salt hydrate PCMs  [6]. 
 
2.4.2 Organic PCMs :  
Organic PCMs have a number of preferable characteristics 
which make them useful for latent heat storage : 
1. They are more chemically stable than inorganic substances. 
2. They melt congruently,  which occurs when the solid phase 
composition is the same as the liquid phase composition, 
and super cooling  does not pose as a significant problem, 
when super cooling occurs  the temperature of the PCM 
drops well below the melting point before freezing initiates, 
PCM Melting  Point [°C ]    Heat of Fusion  (kJ kg-1) 
KF.4H2O 
Potassium fluoride  tetrahydrate 
          18.5 231 
CaCl2.6H2O 
Calcium chloride   hexahydrate 
29.7 171 
Na2SO4.10H2O 
Sodium sulphate  decahydrate 
32.4 254 
Na2HPO4.12H2O  
Sodium orthophosphate dodecahydrate 
35.0 281 
Zn(NO3)2.6H2O 
Zinc nitrate  hexahydrate 
36.4 147 
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which prevents the withdrawal of heat from the PCM. 
3. They have been found to be compatible with and suitable for 
absorption into various building materials. 
4. However,   the initial cost of organic PCMs is higher than that     
of   the inorganic type, but the installed cost is competitive. 
     5. Self-nucleation; melt congruently with low vapor pressure. 
            However, these organic materials have unsuitable 
properties. The most significant undesirable characteristics, are 
that: they are flammable, and they may generate harmful fumes 
on  burning.  
   Other problems, which can arise in a minority of cases, are a 
reaction with the products of hydration in concrete, thermal 
oxidative ageing, smell and an appreciable volume change 
(expansion). Appropriate selection and modification have now 
eradicated many of these undesirable characteristics. “It has 
been found; that the thermal oxidative ageing of pcms 
concerned, can be  inhibited by the use of a proper antioxidant” 
[6], to assess  the flammability, and fume generation of some of 
the more effective pcms such that a fire rating may be 
established. Also The most promising selection of these 
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Though from tables 2.2 and, 1.2  the energy storage capacities 
of the organic pcms are generally lower than those of the 
inorganic pcms. 
 
                             
                             Fig.2.1  Organic  pcms (paraffin wax) 
 
2.5  Uses  of  PCMs : 
 
The first use of pcms was in British trains  to prevent them from 
becoming  too cold. Phase change material (pcm) storages - 
organic or non organic- are thermal storage materials. These 
PCM Melting  Point       [°C ] 
Heat of Fusion 
(kJ/kg) 
CH3(CH2)16COO(CH2)3CH3 
Butyl stearate 19 140 
CH3(CH2)11OH 
 1-dodecanol 26 200 
CH3(CH2)12OH 




20- 60 200 
(45% CH3(CH2)8COOH    
55% CH3(CH2)10COOH ). 
45/55 carpic-lauric acid 





   Propyl palmitate 
19 186 
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can be used to balance temporary temperature alternations and 
to store energy in several practical application areas for 
electronics, automobile industry and buildings. In current 
telecommunication electronics,   both portable and larger scale 
thermal transients that occur due to temporarily varying power 
dissipation are customary. 
During the change in state, large quantities of latent heat are 
required to be absorbed to allow the material to change from a 
solid to a liquid, 
this large quantity of heat   is released  in the discharging  
process  that will  be used in heating systems like greenhouses . 
    The process of phase change can be repeated over an 
unlimited number of cycles with little change to their physical 
or chemical properties. [5] 
2.6  PCM    problem : 
 
2.6.1  History of Stefan problem  
     “In the late 19
th 
century J. Stefan formulated the problem of 
finding the temperature distribution and freezing front history of 
a solidifying slab of water” [7]. In the last 30 years, Stefan 
problem has been developed to include such complex 
phenomena as the solidification of alloy systems and melting 
due to laser irradiation. Melting and freezing are  involving in a 
wide range of technologies, encompassing such diverse 
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applications as freeze drying of foods, growth of crystal, cryo-
preservation of biological cells as well as latent heat thermal 
energy storage system .  
       phase change material problem  is non-linear and its 
principal difficulty lies in the fact that one of its unknown is the 
region in which it is to be solved, for this reason it is called a 
“moving boundary problem (or Stefan problem).” For most 
reasonable phase change processes the heat equation and its 
differential expression hold within the liquid or solid and a jump 
condition expressing energy conservation prevails along the 
curves separating solid from liquid. Fuzzy or fat regions are 
sometimes seen in lieu of sharp interfaces separating solid 
from liquid.  
2.6.2   Description of PCM  problem : 
 
       During the phase change in a pcm storage system, the 
solid–liquid interface moves away from the heat transfer 
surface and the surface heat flux decreases due to the 
increasing thermal resistance of the molten or solidified 
medium. 
       Heat transfer in pcm storage is a transient, non-linear 
phenomenon with a moving solid-liquid interface, generally 
referred to as the “moving boundary” problem.  
      “Nonlinearity is the source of difficulties in moving 
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boundary problems” [5,8] and, therefore,  phase change 
problems can be solved analytically for simple problems 
assumed for  physical  situations that have a simple geometry 
and simple boundary conditions. Stefan problem is a one-
dimensional moving boundary problem, which has a well 
known precise analytical solution, and was originated by 
Neumann [9,10].  
    Some analytical approximations like the quasi-stationary  
approximation, perturbation methods, the Megerlin method and 
the Heat-balance integral  method, have been produced for one-
dimensional moving boundary problems with different  
boundary conditions. [5]. 
        In these methods, it has been assumed that the melting or 
solidification temperature is constant. However, technical grade 
paraffin, for example, has a wide temperature range at the 
points where melting and solidification occur. Also, the 
aforementioned methods are only suitable for calculating semi-
infinite or infinite storage. However in reality storages are finite 
and have to be handled three- or at least  two-dimensionally so 
as to achieve a sufficiently accurate solution.  
     Therefore, numerical methods have to be used to achieve a 
sufficiently accurate solution for heat transfer in  pcm storage. 
Phase change problems are usually solved with finite difference 
or finite element  methods in accordance with the numerical 
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approach. The phase change phenomenon   has to be modeled 
separately due to the non-linear nature of the problem. A wide 
range of  different kinds of numerical methods for solving pcm 
problems exist.  
The most   common methods used are the enthalpy method and 
the effective heat capacity method, these methods are able to 
use pcms with a wide phase change temperature range. “The  
enthalpy method is introduced in many references as a 
numerical method for solving  phase change problems” [5,9,11]. 
The method is based on the weak solution of partial differential 
equations. 
        [Voller V R.(1990)] have presented a simple development of 
the conventional enthalpy  formulation which leads to very 
accurate solutions, the extension of this technique to  two-
dimensional problems is demonstrated by using an explicit 
method. 
“ A relative  accuracy of 0.1 % has been obtained in the 
comparison between numerical results  achieved by other 
authors and the results achieved with the developed method 
(enthalpy method)” [10]. 
To analyze numerically the thermal performance of latent heat 
storage 
the enthalpy formulation with a fully implicit finite difference  
method  is familiar method which can be used, in this  method 
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the conduction is the sole heat transfer mode for a one 
dimensional solidification  or melting  processes. 
      PCM melts more quickly than it solidifies because natural 
convection speeds up the melting of  pcm. In solidification the 
heat transfers by conduction in solid pcm out from the storage. 
If there is a temperature gradient in liquid pcm, natural 
convection exists in the liquid–solid interface. But even very 
strong natural convection has a negligible effect on the solid–
liquid interface  position compared to the effect of heat 
conduction in solid pcm  [9,12]. PCM solidifies on the heat 
transfer surface and acts as a self-insulator because of low heat 
conductivity. In practice some  kind of heat transfer 
enhancement technique has to be used in latent heat  storage 
system( LTHS) because of the low heat conductivity of the pcm. 
 Heat transfer in LTHS can be enhanced by the following 
techniques: 
(a) Active methods such as agitators ,vibrators, scrapers and 
slurries [7]. 
(b) Using microencapsulated PCM [10]. 
     (c) Using PCM containing dispersed high conductivity particles 
or lessing rings [8]. 
(d) Using PCM graphite composite material [13]. 
(e) Using extended surfaces such as fins and honeycombs       
[7,5,8,12]. 
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2.6.3 The numerical solution of phase change problem  
                      (moving   boundary problem):        
2.6.3.1 Mathematical Formulation  
2.6.3.1.1 Overview of the Phenomena Involved in a Phase   
                                          Change  
 
       Every pcm has certain  melting and freezing temperature 
they may be the same or differs, phase transitions occurs  when 
a solid melts (melting process) or a liquid solidifies (freezing 
process). Such a change of phase involves heat and often also 
mass transfer, possible supercooling, absorption or release of 
latent heat, changes in thermophysical properties, surface 
effects,  etc.  
The transition from one phase to the other occurs due to the 
absorption or release of the latent heat  at some temperature, at 
which the stability of one phase breaks down in favor of the 
other according to the available energy, this phase change 
temperature, Tm, depends on pressure. Under a fixed pressure, 
Tm may be a particular fixed value characteristic of the material 
or a function of other thermodynamic variables.  
     Since most solids are crystalline, their particles (atoms, 
molecules or ions) are arranged in a repetitive lattice structure 
extending over significant distances in atomic terms. Since 
formation of a crystal may require the movement of atoms into 
the solid lattice structure, it may well happen that the 
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temperature of the material is reduced below Tm without 
formation of solid. Thus, supercooled liquid may appear; such a 
state is  thermodynamically metastable. Note that no such 
structuring is required in the melting process.  
      When a pcm  starts  to melt or solidify, solid and liquid 
phases are coexist  at the same time, these phases  will be 
separated by  a region which is called the interface.  
      The interface is that region where solid and liquid coexist, 
its thickness may vary from a few Angstroms to a few 
centimeters depending on the nature of the pcm, and its 
microstructure may be very complex. This interface  appears 
(locally) planar and of negligible thickness when pure materials 
solidifying under ordinary freezing conditions at a fixed Tm ,  it 
may be thought of as a sharp interface. In other cases, typically 
resulting from supercooling, the phase transition region may 
have apparent thickness and is referred to as a mushy zone.  
      Most thermophysical properties of a material undergo 
sudden changes at Tm,  these changes complicate the 
mathematical problems because they induce discontinuities in 
the coefficients of differential equations like the volume, 
density,…etc . The most fundamental and pronounced effects 
are due to changes in density; typically in the range of 5 to 10% 
but can be as high as 30%. The density variation with 
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temperature induces flow by natural convection in the presence 
of gravity, rapidly equalizing the temperature in the liquid and 
greatly affecting heat transfer. In microgravity, there is no 
natural convection but Marangoni convection, due to surface 
tension effects, may arise and dominate heat transfer.  
 
2.6.3.1.2The assumptions of the mathematical formulation  
       Formulation of the Stefan problem for the mathematical 
description of a melting or freezing problem, the following 
assumptions are made  
  Table 2.3 Assumptions  to simplify PCM’s problem [7] 
Physical  factors involved in PCM’s process Simplifying assumptions for the problem 
Heat and mass transfer  by 
conduction,convection radiation,with possible 
gravational ,elastic ,chemical and 
electromagnetic effects 
 
Heat transfer isotropically  by conduction 
only   
Release or absorption of latent heat Latent heat is constant it is absorbed or released at the phase change temperature. 
Variation of phase change temperature Phase change temperature is affixed known temperature ,and is property  of 
material   
Nucleation difficulties ,supercooling   Assume not present  
Interface thickness and structure  Locally planner and sharp 
Surface tension and curvature effects at 
interface  
Assume insignificant  
Density changes  Assume constant for solid and liquid 
Variation of thermophysical properties  Constant for liquid and solid (c,k) 
 
        The situation arises, very often in real engineering 
applications, with the result that the Stefan problem is by far the 
most frequently applied model of a phase change process.  
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Based on the aforementioned assumptions the governing 







 Fig.2.3 pcm’s  rectangular container 
 
2.6.3.1.3   The enthalpy  formulation:- 
 
      The enthalpy formulation  for  the conduction -controlled  
phase change material can be written as [3,14]. 
The general equation governing the conductive heat transfer in 
the PCM is   therefore 










Fig.2.2  Discretization  domain  for  one dimensional  PCM   problem  [3]. 
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By  splitting  the enthalpy H  into  sensible and  latent heat 
components  
 
lfLhH .+=                                                                              (2) 
       where:  
∫= T
Tm
dTch                                                                                             (3)  
 
for the problem of an isothermal phase change, the local liquid 
fraction  f l  is defined as : 
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∂   ρ                                                                     (5) 
 
Eq.5 represents together with Eq.3   and  Eq.4   and  the suitable  
boundary  and initial conditions  ,the mathematical model of 
conduction controlled isothermal phase  change which 
assumes no convectional  heat transfer inside the pcm. 
The problem is one-dimensional  isothermal phase change of 
the  PCM encapsulated within a rectangular container the 
governing  equation  for the PCM follows from Eq.5:    
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ρ                                                                           (7) 
 
the  fully  implicit discritization   equation (7)   for  an  internal   


















Δρ                                                      (8) 
( )T T2 T
x 
  kterm enthalpy   sensible  1ii1i2 +− +−≡ Δρ                                (9) 
t
fLterm   fraction   liquid il∂
∂≡                                                 (10) 
the key feature of this method is the fact that for an isothermal 
phase change (the case for most  salt hydrates ),  the 
temperature of  the pcm within a given control volume remains  
constant and equal to its melting temperature until the PCM 
(control volume) has melted  completely. 
Consider first the case when the control volume “i”  is fully   






                                                                                                 (11)            
                                                                             








∂  (only sensible (conduction))                                          (12)  
after  introducing Eq.11 and Eq.12, Eq.8  reduces to ordinary 
     For  constant  k  and   ρ    eq.6   becomes : 
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 ρ                                                                                           (13) 
 
the  fully implicit  discretization of  the temperature  is : 
 









+−                                      (14) 
  
 where error   truncationthe    is   )Ο(Δx 2    appendix A.6 
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(16) 
where )Ο(Δt  is the truncation error of  the approximation  appendix A.6   
from  equation.15   then  : 
 
( ) )Ο(ΔxΟ(Δt) 2+++−=⎟⎟⎠
⎞⎜⎜⎝
⎛ −







ΔρΔ                     (17) 
 
drop the truncation errors  from equation (17),  and  rearranging 
its terms,  the  fully implicit  discretization of  the temperature  
is : 
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Δα ==     (the thermal diffusivity of the PCM)                
 
old
i1io io1-io TTF-).T2.F(1.TF- =++ +.                                                   (20)  
    
bTaTaTa iiiiiii =++ ++−− 1111   . .   .                                                               (21) 
 
TbFaFaa oldiioioii =+=−== +−  ,    . 21 ,  11                                             (22) 
 




F o ≤ ).When   the  melting  or  solidification occurs  around  a 
certain node ‘i’  the liquid  fraction  f il    lies  strictly  in the   
interval [0,1]  and  recognizing  that for  an isothermal phase  
change  :   
 
TT mi ≡                                                                                                       (23) 
 





hi                                                                                                      (24) 
 
 











ρ                                                             (25) 
backward differencing  of the liquid  fraction term gives :  
 
( )  2 
   





Δ+= ρ                                                    (26) 
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the control  volume that  undergoing  a phase  change.    
2.6.3.2    Melting and solidification formulation: 
 
The whole domain is partitioned in N equidistant nodes. The 
control volume (CV) associated   to each node (Fig. 2.2) has a 
thickness xΔ , and only nodes 1 and N have half-thickness 
( 
2
xΔ ).    
 
2.6.3.2.1 The melting process 
(A) The pcm is solid state so  
0    so    ≡< fTmT li     for all  the control volumes  the 
rectangular  pcm 
 (B) The set of linear algebraic Eq(21) solved using the Gauss-
Seidel iterative   procedure  
(C) start of melting if  TTTmTif moldii <≥   while         for  node “i”  
the CV  start  of melting ,at this time the thermal diffusivity 
)0
c 
k ( ≈= ρα ;  The sensible heat  of the liquid PCM is taken 
account in the enhanced latent heat ,so at this time  
mi
i TT and, 0
t
T ==∂
∂ , coefficients  of  equation(21)  must be 
updated Tbaaa miiii ==== −+   ,    1 ,   011     the  calculations  of  
this time step  must be recalculated  to set  the  isothermal  
property   of melting  CV   
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im ii −−+−=− +−                     (30) 
by arranging  equation  (26) we get eq.31 
  ( ) ( )TTLcTTTxLkff oldimiiioldlili −−+−ΔΔ+= +− 112  2   t   ρ                       (31) 
then   f li    recalculated using  Eq.31 
(D) the liquid fractions  are updated from the temperature field 
using  Eq(26). 
(e) end  of melting of  the CV  if    1   while   1 <≥ ff oldlili     it  
indicates that  within this  time  step the control volume has 
melted completely, the coefficients  of  Eq(21)  reset to  




Tb oldlimi −−= 1                                                                         (32) 
the  calculation within  this  time step   is  performed   again  . 
here   )-(1 f
c
L old
li     is the amount of heat needed  to completely 
melt  the control   volume  within the time step and which cant 
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be used to raise the CV temperature .[3,15] 
2.6.3.2.2 The solidification process : 
 
(A) The pcm is in a liquid   state so;  
 
1    so    ≡> fTmT li     for  all  the control volumes of   the 
rectangular  pcm and the set of linear algebraic Eq(21)solved 
using the Gauss-Seidel iterative   procedure . 
(B) start of solidification  if  TTTmTif moldii >≤   while         for  
node “i”  the CV  start  of solidification,   coefficients  of  
equation 21  must be updated    Tbaaa miiii ==== −+   ,    1 ,   011     
the  calculations  of  this time step  must be recalculated  to set  
the  isothermal  property   of solidification CV  ,and  f li    lies  
strictly  in the interval [0,1]     ,  10 << f li   then   f li    
recalculated using  Eq( 31). 
(C) the liquid fractions  are updated from the temperature field 
using  Eq(26). 
(D) end  of solidification of  the CV  if    0f    while  0f oldlili >≤     it  
indicates that  within this  time  step the control volume has 
solidified completely  and the coefficients of    Eq.21 are   reset 
to         .21 ,   11 FaFaa oioii +=−== −+    ,  and 







limi +=−−=   0                                                 (33) 
the  calculation within  this  time step   is  performed   again  . 
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here   )( f
c
L old
li     is the amount of heat needed  to completely  
solidify   the control   volume  within the time step and which 







2ol ρ                                                                                    (34) 
 






Δ=                                                                                  (35) 
     [3,15] 
 
2.6.3.3 Melting and solidification of PCM with constant    
end  walls  temperatures .  
         Rectangular slab of pcm  with constant end walls (sides) 
temperature initially the pcm was in the solid state TmT <  
(melting temperature)  the walls (two walls were subjected 
to TmT > ), the other walls are  insuated( 0.0dq ≡ ), where q    is  
the  heat  flux [J.m-2]. 
        The problem is a one-dimensional transient heat transfer, 
to simplify the problem many considerations were taken into 
account as follows: 
1. thermo physical properties   of the pcm are constant in solid 
and liquid  (the same). 
2.the heat transfer in solid and liquid phases is by conduction 
only . 
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3. the convectional heat transfer in the liquid phase was 
ignored . 
4.the problem was taken as isothermal phase change . 
5.the effect of gravitational force was ignored. 
6.  radiation heat transfer was ignored. 
7.the melting temperature (Tm)  is equal to the freezing 
temperature . 
8.heat transfer  in one dimension . 
the problem was solved by the enthalpy formulation  method . 
A java program  was written  to simulate this problem . 
The initial and boundary conditions  are : 
     
( )







2.6.3.4 Melting  and solidification  with convectional         
             condition (constant end    wall  fluid  temperature)  . 
     The previous problem was solved but with convectional heat 
transfer boundary condition. The same considerations  were  
taken as before, in addition to  that the temperature of  the fluid 
that  gives or takes the heat from the pcm is  assumed constant . 
The initial and boundary conditions are : 
  T o)0,x(T =                                                                                            (38) 
 
        
                 (36) 
 
                 (37) 
                                                              
30









∂ (insulated)                                                             (41) 
 
 
Table 2.4 Internal nodes coefficients   for  constant end walls   temperature  
or  convectional    with constant   fluid temperature:[15] 
 
Case ai 1−  ai  ai 1+  bi  f li  
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T mbi −−= End of melting=1 
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a0  a1  a2  b1  f l1  
   A BiFo2−
 
( ) Bi1F   o .21 ++
 
F2 o−  T old1  Solid =0  ,liquid =1 
    B 0 1 0  
Tm  
( )
( )T old1T mLcT 2F ol2






C 0 1 0 Tm  ( )
T 2F ol2







( ) Bi1F   o .21 ++
 
F o2−  ( )f old1lf *1lcLTm −−  End of melting=1 End of solidification=0 
 
 
Table 2.6 Node N   coefficients  for convectional boundary condition [15] 
 




   ( ) Bi1F   o 21 +×+  BiFo2−  T
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N  Solid =0  ,liquid =1 
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D F2 o−  ( ) Bi1F   o 21 +×+  BiFo2−  ( )ff *cLTbi oldlNlNm −−=  End of melting=1 End of solidification=0 
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 Fig.2.4 flow chart of   numerical solution (enthalpy  formulation) of       
PCM’s  one  dimensional  problem modified from [3] 
 
SettingTIME,boundary 
and initial conditions 
Forming coefficients Of  
Eq.21 




Beginning of  












         End of melting 




               Yes 
           No 
   No 
         No 
      No 
                CORRECTION 
                 CORRECTION 
                 CORRECTION 
2.6.3.5  Flowchart   of  melting or  solidification  of the     
                                                PCM. 
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2.6.3.5 Simulation of melting and solidification   
               processes of      rectangular container of PCM . 
                   
      Consider one dimensional  pcm problem; for a rectangular 
container filled of pcm as represented in  fig2.3. The  
thermophysical properties of the pcm was taken from table2.7 
which are constant for solid and liquid phases. The problem 
was solved with two different boundary conditions namely a 
constant end walls temperatures,  and a constant  temperature 
of  fluid. The conducted  walls of the container was taken to be 
made of  stainless steel and the thermal resistance of the 
container was ignored. 
     Two computer programs were written in Java language to 
simulate the two different problems with the different boundary 
conditions(computer programs  are given in appendix  A). 
Table.2.7 some PCM’s thermophysical properties  [16]. 
PCM Tm(Cْ)  ρ(kg/m3) L(KJ/Kg) c(kJ/kgK ) K [W/mK] 
pcm32 32 1460 201 .7 .45 
pcm30 30 1304 201 .69 .48 
pcm28 28 789 245 2.22 .21 
pcm21 21 1480 150 .68 .43 
pcm19 19 1484 146 .68 .43 
pcm17 17 1487 143 .67 .43 
pcm13 13 1489 140 .67 .43 
pcm10 10 1519 140 .66 .43 
pcm8 b 8 1469 140 .67 .44 
pcm7 7 1542 120 .62 .4 
pcm4 4 766 227 2.18 .21 
TH29 29 1500 190.0 1.76 1.0 
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    The materials in table.2.7 were manufactured and tested by  
scientists, they  are  different in the composition .       
      The pcm problem was solved using different thermophysical 
properties  of the solid  liquid phases of  the pcm. A 
comparison between   some experimental  data from [3], and  
the results  of the numerical solution by taking  the same  
conditions of this experiment   was  done. (appendix  A.5 gives  
Java code for this case). 
      Finally a comparison is made between  the results  of two 
cases; the first solves the pcm melting process with different 
thermophysical properties for solid and liquid phases of the 
pcm A.5, and the second  solves the melting process with the 
same thermophysical properties of the liqid and solid phases of 









             
Fig.2.5 variation of time  of  PCM’s  temperature at the center    
with constant  end walls , ∆x=2mm, ∆t=5s.
2.6.3.6.1  Constant  temperature end walls  of rectangular   
                container  of PCM: 
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In fig.2.5 results are  given for one dimensional  problem  
rectangular slab of  PCM  TH29  with thermodynamical  
proprieties   from Table.2.7   The  PCM has  a constant   
temperature at two  ends (1,N) was set  to 50 Co    which is  
larger than Tm  of  the PCM  the initial  temperature was set to 
17.0 Co   at each node, after  melting  of  the central node  then 
suddenly  the  temperature of the two end  walls  was set  to be    
10  Co    which is  lower than the melting temperature of  TH29 ,it  
starts to  solidify  and  Fig.5  shows  the  variation of  the  
temperature and  time of  melting and  solidification of the PCM  
at the  center. The  central node  was   transfer  the heat as 
sensible  during  (0-2.2) min  , while during  (2.2-6.0)min  as   
latent;  at this time the  CV  will store  the heat  during this  
phase  change. Then the control volume (CV ) melted 
completely, the heat returns to  transfer as sensible. Suddenly  
the temperature at the two end walls was set to 10 Co    then for 
the time  (13-14.6)min heat is sensible.  It  begins  to solidify  at 
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2.6.3.6.2 Constant fluid temperature at end walls of rectangular  
container of PCM:    
 













































      Fig.2.6 show that one  dimensional  convectional heat 
transfer  of PCM   at the end walls by hot air, here the  PCM was  
TH29   Tinitial    of  it   was 17.0 Co     at    t=0. The  walls of the 
container of  TH29  are of  stainless  steel,  the resistance  of  
the  walls  that conduct the heat to the PCM  was  ignored    
     The end  walls are subjected to a certain fluid (hot  air) at 
60.0  ْC,  the  PCM   thickness is  10mm  and  9  nodes  were 
taken ∆x=2mm, ∆t = 5s.  Tfluid  is   set   to 60.0  ْC  for a  time of 
Fig.2.6 variation of temperature and time of PCM’s  center  ,the ends 
were set to  constant fluid temperature.  
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140(min). 
Suddenly at the end of 140(min) , the end  walls nodes (1,N)  
were subjected to  fluid  at   10.0 Cْ    for a  another  time 140(min)  





















Fig.2.8 variation with  time of pcm’s temperature at the  center of 
                   a rectangular container . 











 experimental data [3]
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n u m e r ic a l s o lu t io n
Fig.2.7. Temperature or the node at the center of  the pcm 
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         Fig 2.8 represents a comparison between, the results of 
experimental data, and our numerical solution. In the 
experimental model [3]; a rectangular container, made of 
stainless steel, with dimensions of length = 100mm, and,   
thickness = 20 mm. The container is filled with the calcium 
chloride hexahydrate (TH29) (appendix B.3 shows its thermal 
properties), and well insulated on the lateral sides. 
    “ A thermocouple was placed in the centre of the container 
shown  in Fig. 2.3  The container with the solid PCM was then 
placed vertically in the constant temperature bath, where the 
temperature was set to T = 60 °C.”[3] 
       The computational model was set up to reproduce 
experimental conditions within the constant temperature bath 
[3]. 
   “The convection heat transfer coefficient,   between the air, 
and   the container wall, was set to be hpcm = 16 [Wm-2K-1]. 
       Furthermore, a time step tΔ = 5 s and space increment 
xΔ =2mm were used in the calculation”[3]. In Fig.2.8 the 
variation with time of my numerical solution and experimental 
values of the temperature at the centre of the test container is 
shown.  
      The numerical solution doesn’t represent the experiment 
exactly this because of the mathematical model assumptions in 
our solution.    
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     Consequently, the convective heat transfer coefficient 
between the air and the container wall used in the calculation is 
higher than the real one.  Furthermore,   it can be observed from 
Fig2. 8, that in numerical solution PCM reaches its melting 
temperature faster than in the experiment.   
     This is assumed to be due to the basic assumption  made in  
the mathematical model that the conduction  resistance of the 
container wall is neglected which is made of stainless steel  and 
this assumption increases the heat entering at the boundaries  . 
       Moreover, from the same figure it can be observed that the 
calculated PCM's melting time is slightly longer than the 
experimental one,  which  may be due to the fact that the natural 
convection within the liquid PCM is ignored.  However,  it can 
be seen that neglecting both the natural convection  within the 
liquid PCM and the conduction within the PCM in the direction 
of the HTF flow do not introduce significant error in the 
prediction of the PCM's temperature variation during melting. 
[8]. 
   The t-test,  statistical  analysis  of  fig.2.8  was  doen for  the 
experimental  data and  our numerical solution, for the time 
intervals (0-80) min,  (80-120) min, and  (0-120)min,  for these 
three intervals the p-values were  larger than 0.05  table.B.6;  so 
they are not significantly different.   
 



















        Fig.2.9. Variation with  time of TH29’s  temperature  
                at  the center of   a rectangular container . 
 
     Fig 2.9  represents two numerical solution  of the problem 
solved in fig2.8,  that in line  1  the difference between  the  
thermal properties of the liquid and solid phases  was taken 
into a account appendix B table.B.3, but in line 2 the thermal 
properties of the PCM TH29 was taken the same  at the liquid 
and solid phases. 
      From the  results shown  in  fig2.9;  it can be concluded   in 
line   2  the  central  node reaches to the melting point and  ends  
the melting  process  faster than line 1  because of  that the 
liquid thermal conductivity is  0.53 [W m-1K-1], and for solid 1.09 













1 :different liqiud and solid thermal properties
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[W m-1K-1], the surrounding  CVs of the center  melts completely  
and their  thermal conductivity will be set to that of the liquid 
phase,  while in  line 2 the thermal conductivity of the liquid and 
solid  was taken to be 1.0[Wm-1K-1],  the  higher  slope of  line  2 
after end of melting also  due to the  difference in  the thermal 
conductivity,  and the difference in the time of melting of the 
















3.1 The aim of using  greenhouses : 
 
      The greenhouse is a structure covering ground for growing 
 a plant, that will return a profit to the owner, risking time and 
capital. It depends primarily on the solar radiation entering it 
through its cover. This cover is manufactured to allow direct 
and diffuse radiation with small wave lengths to transmit 
through it from outside, and prevent the transmission of these 
radiations from inside. Then they change into long waves due 
to the absorption of part of their energy by the greenhouse 
ingredients.  
       The greenhouses provide a protected environment for 
crops; they are used for overcoming climatic adversity, where 
preferable conditions for optimum plant growth are created 
inside them. Using greenhouses for plantation will decrease the 
bad influences of the changes in outside climate conditions 
especially in winter days. The Greenhouses are in contact with 
the outside environment. This leads to energy transfer between 
the inside and the outside of the greenhouses. Therefore, they 
have to be heated, cooled and ventilated depending on outside   
climatic conditions, so as to keep the inside conditions suitable 
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for plant growth and prevent the damage of the crop. 
     Since the primary aim of protected cultivation, is to increase 
profits by preserving   product quality, and increasing   crop 
yield, the climate control system must be as cheap and as 
reliable as possible.   Heating a greenhouse can be performed 
using different   systems and energy sources, such as   fossil   
fuels and pcm systems. Each of these energy sources has its   
advantages and   disadvantages in the   greenhouse heating 
system. Heating systems that utilize fossil fuels might have low 
initial cost, but their running costs are high, as well as they 
cause pollution to the environment. On the other hand,  pcm 
systems   might  have high initial costs but low running costs 
and are pollution free. This   makes these systems highly 
attractive to farmers.  
        In principle four, physical phenomena are responsible for 
the differences between greenhouse and external climatic 
conditions: 
1. Solar radiation, in particular the light whose wave length 
short  carry large energy, it can  penetrate the glass or plastic 
covering the greenhouse. They also penetrate, absorb and 
diffuse depending on the kind of the cover. So the cover is 
chosen depending on the outside climate conditions of the area. 
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On reaching the soil surface, plant canopy, heating installation, 
etc., the radiation changes to long-wave (infrared) which carry 
small energy, and can no longer pass through the covering, or 
it will pass with difficulty and change to thermal energy which 
raises the inside air temperature of the greenhouse. 
2. The enclosed air within the greenhouse is nearly inactive 
because the inside air velocity is much smaller than it is outside. 
Accordingly, the effects of temperature transfer are entirely 
different. 
3. The concentration of plant mass in the greenhouse space is 
much higher than outside. Artificial control of humidity and 
condensation clearly creates a different mass transfer from 
outside the greenhouse. 
4. The presence of heating and other installations change some 
of the energy characteristics of greenhouse climate and affect 
the inside air temperature. 
3.2 Static Design Procedure:  
 
      3.2.1    Heating load requirements 
In order to select a heating system for a greenhouse, the 
peak-heating requirement for the structure must be determined 
at first. Each greenhouse has its own peak-heat requirement 
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that depends primarily on the greenhouse structure and the 
outside climate conditions. 
 Heat loss for a greenhouse is composed of two components: 
 (a) Heat will be lost through wall and roof by conduction and 
convection, and  
 (b) Infiltration and ventilation loss is caused by the entering of 
cold outside air through the walls, roof and the openings of the 
cover. 
3.2.1.1 Transmission heat loss calculation 
To evaluate transmission heat loss, the surface area of 
the structure of the greenhouse and the conductional and 
convectional heat-transfer coefficients between the outside air 
and the cover should be calculated. This surface area should be 
subdivided into the various materials employed, i.e. square 
meters of polyethylene, square meters of fiberglass, etc..  Each 
material has its own thermal properties.  After that the 
transmission heat loss is calculated using the following 
equation: 
                                       )TT(  A UQ outit −××=                           (42) 
 
where 
Qt = Heat transmission losses through walls and roof [W]. 
U = Heat transfer coefficient [W m-2 °C-1]. 
A = Surface area [m2]. 
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Ti = Indoor design temperature [°C]. 
Tout = Outdoor design temperature [°C]. 
The value of the heat transfer coefficient (U), depends on wind 
speed. Hence, using table 3.1, a correlation between the U  
factor, and wind speed was found in order to use it in the 
program. 
Table 3.1 (U) Heat transfer coefficient values (W m-2 °C-1), at various 
wind speeds, V.   [17] 
 
    U=-0.017×V2+0.39×V+4.7                                                           (43) 
 
  Equation 43 was derived from Table 3.1   for single 
polyethylene using a simple  Matlab  program for fitting the data. 
    The glass is preferred usually for greenhouses due to its 
attractive proprieties; light transmission  85-90%, and  lifespan 
indefinite if not broken. 
3.2.1.2   Infiltration heat loss calculation 
 
The air inside the greenhouse is replaced by cold air 
penetrating from outside via the natural air change that is called 
infiltration.  
         Infiltration heat loss is calculated by using the number of 
times of changing the inside air per hour (ACH). ACH primarily 
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depends on the kind of the cover and the openings made in that 
cover. Also it is a function of wind speed, greenhouse 
construction, and inside and outside temperatures. Table 3.2 
outlines general values for different types of greenhouse 
constructions, which can be used by the designers. 
                  
Table.3.2 .Air change data for different  glazing materials [21]. 






Single polyethylene with low fiberglass sides  
double polyethylene with low fiberglass sides  
Single polyethylene with high fiberglass sides double 
polyethylene with high fiberglass sides  
2.5 - 3.5 
1.0 - 1.5 
2.0 - 3.0 
0.5 - 1.0 
0.0 - 1.0 
1.0 - 1.5 
0.5 - 1.0 
1.5 - 2.0 
1.0 - 1.5 
            
                )TT(     C  ACHQ outairairairinf −×××= × ρ v  
 
where 
Qinf      = Infiltration heat losses [W]; 
V       = Volume of greenhouse [m3]; 
ACH  = Air change per hour (from Table 3. 2); 
Cair       = Specific heat capacity of air [J/kg°C]; 
ρair       = Density of air [kg/m3]; 
Tair     = Indoor design temperature [°C]; 
Tout       = Outdoor design temperature [°C]. 
 
By addition of transmission and infiltration heat losses we get 
the total heat loss of the greenhouse as  shown in Equation (45):                                        
                                                        QQQ inftTOTAL +=     
               
                       (44) 
           (45) 
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After calculating the maximum required heating load for 
the greenhouse by eq.40. The second step is to choose the 
appropriate   system to heat the greenhouse. If unit heaters or 
fan coil units are chosen, only the devices with the required 
capacities are to be selected from the manufacturers’ 
catalogues and installed in the greenhouse. 
As for soil and bare tube heating systems, further calculations 
are needed in order to complete the design of these heating 
systems. 
3.2.1.3  Solar Radiation Heat Gain 
 
The key feature of the greenhouse phenomena is that   
glass and other greenhouse cover materials have the property 
of allowing short wave radiation coming from the sun to 
penetrate through them. Meanwhile, they prevent long wave 
radiation (infrared) which comes from the plants and soil from 
leaving the greenhouse, this infrared has peak at about 9.6 µm. 
The solar radiation is the most important factor in 
greenhouse crop growing, this is because light is needed by the 
plants to produce organic compounds and oxygen by way of 
photosynthesis, light is also absorbed by the soil. The 
greenhouses cover trapping the thermal energy inside the 
greenhouse, which raises the air temperature inside the 
greenhouse. The respiration of the plants inside the 
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greenhouse, and their biological activities depends primarily on 
the inside air and soil temperatures.  
 “The fraction of the energy used in photosynthesis is 
negligible compared to the solar energy used in heating” [2], so 
it will be neglected in the calculations. Solar energy entering the 
greenhouse which is used to raise the inside temperature is 
calculated according to the following relation: 
                                   A      IQ ercov  solar   ×××= τγ                                    (46) 
where:  
Qsolar  = Useful solar energy entering the greenhouse [W]. 
I  = Total outside solar energy falling on a  surface  
      (obtained from  meteorological data), [W m-2]; 
A ercov  = Surface area of greenhouse cover  , [m2]; 
τ  = Light transmission of greenhouse cover for solar radiation;  
      τ  = 0.8 [18]; 
γ = Constant of the proportion of solar radiation entering the   
greenhouse, that is useful in increasing internal temperature; 
(γ  is in the range 0.3-0.7).[18] 
     The greenhouse is a thermo mechanical system depends 
primarily on light, also light is the most significant parameter 
for the plant development and life. Most the active life process 
in the greenhouses can be achieved only in the presence and 
active influence of light. 
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       Natural light (solar radiation) with specific wave lengths 
range has specific influence to the life processes of the plants.  
Solar radiation out of this range has energy related influence to 
the plants, directly or indirectly through the influence of the 
environment. This depends on the energy of the solar radiation 
which  strikes the plant canopy,  and depends directly on the 
wave length  of the solar radiation. 
        It is found by the use of different scientific methodologies 
and investigations of changes in photosynthetical, 
phototropical, photomorphogenical and other plant activities, 
that only the part of total solar spectrum between 400 and 700 
nm influences significantly plants life processes. This part of 
the solar spectrum must be maximally transparent by the 
greenhouse cover, and directly determines the quality of 
transparent cover materials. 
3.2.1.3.1    Solar radiation   transmission : 
       The greenhouse effect is the welcome result of radiation 
transmission into a closed space, although subsequent cooling 
of the air is required to maintain desirable plant growth 
temperatures some of them are in table B.5. The heat transfer 
capability of the covering system therefore becomes a very 
important secondary factor to consider when designing the 
greenhouse. 
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      Each cover has its own transmittance, reflectance, and 
absorbance coefficients, these coefficients depend on the 
amount of solar energy which can be transmitted, reflected or 
absorbed by the greenhouse cover, some glazing 
characteristics are listed in table.B.4. 
       The transmitted portion is needed for plant growth, but only 
a fraction (1 - 5%) is actually utilized by the plant activities the 
remainder is absorbed and re-emitted as thermal radiation 
(heat), there by warming the greenhouse air.  
      The greenhouse cover transmits the  direct radiation or 
beam radiation, and the diffuse radiation results from the 
scattering of direct radiation within the atmosphere (or by the 
cover) and can be received by the plant from all directions. The 
transmitted proportions of both direct and diffuse radiation, 
depends on the physical properties of the cover. The diffuse 
component will increase while the direct component is reduced. 
This is particularly true for many of the plastic films. 
Transmittance ( τ ) is a physical property of the covering 
material. It is defined as the ratio of the measured radiation 
intensity beneath the covering material ( I ) to that measured 





=τ                                                           (47)   
        Transmittance is generally measured as the total radiation, 
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which is the sum of the direct and diffuse components. 
Transmittance values for a glazing are typically obtained from 
laboratory studies. The larger the value, the more desirable, but 
it must always be less than 100%. In most cases, this value will 
be representative of new, clean material, receiving beam 
radiation that is directed perpendicular at its surface. This 
procedure cannot determine the transmittance of similar cover 
material once installed within a greenhouse, as the 
circumstances are significantly different. Unfortunately, these 
are the values regularly provided for the comparison of 
prospective cover materials.  
      Diffuse radiation is much more predominant on the light-
limiting, cloudy periods of the year. In order to maximize solar 
radiation for the   plant at a specific time period (day, season, or 
year), covering materials with the best direct visible and diffuse 
radiation transmittance properties must be used. This could be 
calculated from the product of the hourly transmittance (τ ) of 
direct and diffuse radiations, measured at the plant canopy, and 
the solar radiation above the cover ( I o ) for each hour.  
 




    [19]. 
                                                              
53
3.3 Orientation of the greenhouse:  
           The orientation of the greenhouse is an important   so 
that to posses maximum amount of the solar radiation at the 
day time.  In Al-Aroub the orientation is that the long line of the 
greenhouse is aligned north south, and the wind direction must 
be taken into account. The prevailing  wind  direction is  
western  in Hebron,  so the direction  is  chosen to reduce  and  
prevent damaging  the greenhouse . 
3.4 Mathematical modeling of the greenhouse:  
 
3.4.1 Introduction  
 
        For a successful plantation inside the greenhouses; the 
inside  temperature must be kept near the optimum level for 
plant growth, this level  will depend on the crop being grown 
inside the greenhouse, and the stage of growth of this plant. In 
order to obtain the optimum level many climatic factors 
including relative humidity, air movement, and carbon dioxide 
must be controlled. Temperature and relative humidity are 
normally controlled by the accurate heating, and ventilation 
equipment. Continuous air circulation, especially in the winter 
time, is important for distribution of heat and uniformity of 
inside conditions by preventing air stagnation and stratification. 
Carbon dioxide enrichment of the air for greater plant growth 
and production is sometimes profitable; it is an active 
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participant of the chlorophyll assimilation. Generally, designs 
are for 18.3 Co  inside capability with thermostatic adjustment 
for suitable conditions per horticultural recommendations.  
Factors primarily affecting the heat requirements of 
   a greenhouse   are:  [18]  
1. The external environmental condition 
2. The size of the greenhouse. 
3. The structural nature of the greenhouse. 
4. The number of layers of glazing material used to cover the 
house. 
3.4.2 The heat balance  equation of the greenhouse    
without   PCM 
        To construct any control system, an appropriate building 
thermal model is needed. (Chao, K. and R.S Gates, 1999) 
reviewed some recent models for greenhouses and  livestock 
houses, respectively. 
     The heat  is gained by :     [18] 
1. conduction through the cover of the greenhouse  
2. solar radiation transmission through the cover of 
thegreenhouse . 
3. heaters inside the greenhouse . 
4. convection through  the cover 
and the heat losses are by :    [18] 
1. radiation from the greenhouse to  out of it. 
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2. conduction through the cover of the greenhouse 
3. convection through  the cover  
4. ventilation and  infiltration  
Assumptions   to   simplify the greenhouse problem: 
1. the  air  temperature inside is uniform . 
2.  the greenhouse   roof  is horizontal. 
3. the effect of the  humidity ,CO2 concentration ,and latent heat 
of  the water vapor  was ignored. 
4. the greenhouse assumed to be empty from crops. 
5. the orientation  is  that long  axis  is aligned     north- south. 
       The greenhouse dynamical  equation:  
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S iAi γτ   :  solar radiation  that enters the  greenhouse    
 ( )T outT airUA −××   : convection and conduction heat losses or gain      
 through  the cover. 
 
  ( )T outT airACHcairair −×××ρ  : infiltration and ventilation  heat losses or  
  gain. 
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The implicitly formulation of  the greenhouse dynamical  equation: 
 
( ) ( ) ( )
.  steptime  t
step.time   previousthe  of greenhousethe inside e  temperatur  airT oldair
TTTT
TT




















       
U
, 
             CH
                
             
  initial 
             v
 








A                        ⎯⎯ →⎯  airT      
                  






Fig.3.2  shows  the  dimensions  and the shape  of the greenhouse   
used   in the simulation, it   is  a gutter connected type  ,the  
orientation  such that the  long  axis (C)   directed toward  south - 
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north  ,the  outside  climate data; temperature, and  solar radiation Al-
Aroub 12 km north Hebron, was  taken  from [20] .  
Table 3.3. Greenhouse input  data  used in the simulation. 
 
Greenhouse data 
1. Greenhouse type Gutter connected 
2. greenhouse length (m) 50.0 0 
3. greenhouse width (m) 24.00 
4. side wall area  (m2) 150.00 
5. Front  wall  area (m2) 96.25 
6. Back wall  area (m2) 96.25 
7. roof cover  area   (m2) 1500.0 
8. greenhouse volume  (m3) 4800.0 
9. greenhouse total  surface  area (m2) 1992.0 
10. greenhouse  cover  material Poly single 
11.       greenhouse floor area (m2) 1200.0 
12.       air density    (kg/m3) 1.0 
13.       air specific   heat (c) (   J/kg k) 1044.0 
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3.4.3. Simulation of   greenhouse inside air temperature     without  
PCM   With  various covers  in 23th July  at Hebron 
       
     A computer program in Java language was written to simulate the  
greenhouse  mathematical  model appendix A.1,  the main input and 
output  data  are shown in Fig.3.1,  at the night time there is no solar 
radiation  S=0.0. 
The solar radiation  and outside temperature were taken from  
table.B.1 and table B.2 respectively,  for Al-Aroub (north Hebron). The 



























Fig.3.3. shows the calculated air temperature inside the greenhouse  
and outside temperature  in Al-Aroub  in  23 July for 24  hours  
without pcm. The  maximum   difference in the inside and outside 
Fig.3.3 The outside air  temperature and inside  greenhouse  air temperature       
single poly cover  in 23  July at Al-Aroub . 
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temperature was 20 °C  the initial temperature inside the greenhouse 
was taken 17.3°C, U=6.0 w/m2 °C,  v=5.0m/s,  ACH[day=2.0, night=1.2]. 
     The   statistical analysis  of fig 3.3, see  table.b.6,  shows that for 
the  time interval (6am-6pm)  the  p-value   is  less than 0.05  so it is 
significantly different,  the   heat gains  by the solar radiation is larger 
than the heat losses by the conduction and infiltration. 
    The  p-value  (7pm-6am)  table.b.6  is larger than  0.05  so it is not 
significantly different, at this interval  which is at night,  so  there is 
no heat  gains, the heat inside the greenhouse will be lost, and the 
































      Fig 3.4   shows the calculated inside air temperature  for 
various outside air speeds, from this figure  we can see that the 
maximum  temperature is  inversely  proportional   to the  outside 
Fig 3.4 the temperature inside the greenhouse covered  with  single poly  at 23 July 
with different outside  air speeds [V]  [m/s] . 
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air speed  this is due to the increasing of the overall  heat 
transfer  coefficient (U)  which   increases  with  increasing  the  
air  velocity [18], hence increasing heat losses from the 
greenhouse, the initial temperature of the air   inside the 
greenhouse  was chosen   17.3 °C, τ =0.9,  and  the cover of the 
greenhouse is single  polyethylene . 
      The statistical analysis of fig.3.4 was done by the t-test   for 
(v=1m/s) and (v=6m/s), at three time intervals; first  for  (6am-
10am)  the p-value is larger than 0.05  statistically it is not 
significantly different, the solar heat gain at this interval is not 
large ,so the temperature inside the greenhouse at these  two  
wind speeds nearly equal to the outside temperature. 
The  second time  interval  is  (11am-4pm)   the p-value table.b.6    
is  less than 0.05 so it is significantly different , the maximum 
solar heat gain occurs at  this interval, the heat losses at (v=6 
m/s) is larger than those  at (v=1m/s) . 
The  third time interval  is (6pm-6am), which is at night,  no  heat 
gains  so the temperature inside the greenhouse at the two 
speeds nearly the same as the outside temperature. 
Table3.4  U  and  ACH   for  various  outside air  velocities  for  single  polyethylene [18] 
 
V [m/s] 1 2 3 4 5 6 7 
U [J/m2k] 4.93 5.33 5.62 5.85 6.00 6.30 6.60 
Day  ACH 1.50 1.50 1.80 2.00 2.00 2.20 2.20 
Night ACH 1.00 1.00 1.20 1.20 1.40 1.40 1.40 
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       Fig.3.5 shows  the inside air  temperature of  the greenhouse with 
various cover materials the figure   tells us  that  double polyethylene 
cover  traps  the  energy  inside it more  than single polyethylene, 
fiber, and glass because of  high transmission  of  solar radiation  and  
low infiltration  heat losses. 
      The p-value  of fig.3.5 for  single poly and double poly  curves  at  
the  time interval (12am-4pm), table.b.6 is less than 0.05, so it is 
significantly different, the heat losses of the greenhouse covered with 
double  poly  where  U=3.9 Wm-2 k-1  is less than  for  single poly  
where U=6.06 Wm-2k-1, while p-values for  the two time intervals  (6am-
11am),  and   (5pm-6am)  of the same curves where larger than 0.05  
so they are not significantly different, for the interval  (6am-11am)  the 
Fig.3.5 Variation with time of  the greenhouse’s inside air  
 with various cover materials. 
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solar heat gain is small and the transmittance of single poly is larger 
than the transmittance of double poly table 3.5, so the inside 
temperatures of  the two different covered greenhouses  is not 
significantly different . 
       For the time interval (5pm-6am), the solar radiation is minimum, 
and equal to zero at night time, so the inside greenhouses 
temperature will be the same as the outside temperature.  
       The t-test of the temperatures of the curves single glass and 
single poly at the time interval (11am-4pm);  gives p-value larger than 
0.05  so it is not significantly different, the transmittance of the two 
covers  are the same,  and also  U is nearly the same,  small 
difference only on the infiltration heat losses of the two covers which 
doesn’t  give significantly difference. 
 
Table 3.5 input  data  for  various  greenhouse covers.  V=5m/s. 
Input      data 
  Greenhouse cover 
τ *γ (J/m2k) ACH(day) ACH(night) (τ) U [w/m2k] 
Single polyethylene .280 1.5 1.0 0.90 6.06 
Single glass .280 2.5 2.5 0.90 6.01 
Single fiber .255 2.5 2.5 0.85 5.46 
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                            Chapter 4 
 
Simulating the greenhouse with pcm 
 
4.1The  heat  balance  equation of  the greenhouse with  PCM : 
 
( ) ( ) ( )
. )TwpcmTair(hpcmApcm                                    
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and  from the boundary conditions Eqs.(40,41)  at nodes 1 and  N , 
                   (51)
                       (52) 
                   (53)
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and  Eq.20  the fully  implicit finite difference equation of  node  1 is : 
   ( ) TTFTB1F2T  BF old pcm wall2opcm wallioairio   2  2 =×−×+×+××− ××              (54) 
 
while   the  equation of node N  is : 
 ( ) TTFTB1F2T  BF oldNairoNio1-Nio   2  2 =×−×+×+××− ××                       (55) 
 
the  other equations of the inner nodes of the PCM   formed  by 
Eq.20 .  
      The mathematical model of the greenhouse with the PCM  was 
formed by Eq.52  and the enthalpy formulation of the PCM problem 
with the initial and boundary conditions Eqs.[38,39,40,41]. 
      The system of equations was solved numerically  with the Gauss-
Seidel iterative  procedure . 
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Fig.4.1 the greenhouse model with PCM. 
 
Assumptions to simplify  the greenhouse with PCM  model: 
1. the problem is  one dimensional  heat problem. 
2. the heat transfer  from  and  to  the  PCM  via  two  surfaces by 
convection only, and  the other sides of the rectangular 
containers  of the pcm  are  insulated . 
3. the heat  transferred  inside the PCM  is  by conduction only. 
4. the assumptions mentioned  later in the greenhouse model 
without PCM. 
5. the density, specific heat, latent  heat , and thermal  
conductivity  for the PCM  are constants and   the same for 
⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ →⎯
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liquid and   solid phases the  initial temperature of the PCM  
assumed the same  at each node. 
6. the resistance of the container wall  is ignored. 
4.2  Results of the simulation of  the greenhouse  with  PCM:   
              Pcm rectangular containers  of  stainless   steel   was  
distributed  inside the greenhouse  thus storage has  hpcm  =5.0 
Wm-2 °C-1,  total  surface area is 200 m2 for one side and because 
we have two symmetric  surfaces of the pcm   area    must be 
multiplied  by  2,  the thickness of each container is 10 cm,  ∆x 
=0.02 m, ∆t=300.0 s.  
      The simulation was  done for three  different days(23th July, 
21th January, 23th February ), the solar radiation and the outside 
temperature was taken  at  Al-Aroub, here the pcm thermal 
properties  are taken the same  for liquid and  solid states .  
       A computer program in Java language appendix A.2, was 
written to solve this problem of greenhouse with pcm storage 
numerically (Eq.20, Eq.52).  
4.2.1  the greenhouse  with PCM   in 23th  July  in Al-
Aroub : 
       ACH, and  U,   at  air   velocity  5m/s  are  taken  from table 
3.4   for single polyethylene  and from  table 3.5 for other cover 
material. 

























































Fig.4.2 shows the temperature  nodes in pcm TH29 simulated 
inside the greenhouse during 24 hours  
Fig.4.2The temperature of the nodes of the pcm inside the 
greenhouse through out day and night in  23  July  in Al-Aroub . 




       The  pcm  worked as  conditioner it takes heat from the air 
and  store it  at  the  day time  and  at   night  it  discharge  some 
of  its  stored  energy   to  the air inside the greenhouse   to  
raise  the air temperature inside the greenhouse. 
        Using TH29 reduces the peak temperature of air inside the 
greenhouse by 3 Co   and raises the minimum (lowest) 
temperature by 1 Co  (at night). This means  that the temperature 
range of the greenhouse is decreases by 4 Co  during the whole 
day (24 hours). 
     The main  problem of  the pcm solidification and melting  is  
it’s  low thermal  conductivity and the  low  convectional  heat  
Fig.4.3 The  air   temperature  inside the greenhouse  covered with  single  poly 
              with and without pcm.                        
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transfer  coefficient  from its surface to the air  which is   taken  
to be  (5 W m-2 OC-1),  both factors   slow down   the  heat 
exchange between  the pcm and  the air, this  increases the 
phase change time . 
       Hence the hpcm must be   increased to increase   the  
discharging  of heat  and this will  increase the inside 





























        In order to  get  most  of the stored  or released  energy and  
to  increase  the  convectional heat transfer  coefficient  of the 
pcm  (hpcm) the  fans must be used ,so  from fig.4.4  the  fans are 
used from  time 12PM- 4PM O’clock at  day  to  increase 
charging and  from time 11PM-5.5AM O’clock at night  time  to 
fig.4.4 the temperature inside the greenhouse  single poly in July at 
Hebron  with  pcm TH29. 
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increase discharging  of  the  heat,  hpcm  was taken to be 
  (20 W m-2°C-1). 
         From this   figure  the temperature   inside the greenhouse  
was  decreases by  9 Co  at  day time   and increases by 3 Co  at 
night  time. 
          Hence the temperature swing inside the greenhouse was 
26 Co , in comparison with 35 Co  without pcm. 
         The t-test  of the  two curves in fig.4.4; without pcm and 
with TH29 +fans  was done for three time intervals : 
 1. (6am-11am)  the p-value table.b.6   is  larger than 0.05 so they 
are not significantly different, the mean of the air temperature 
inside the greenhouse with TH29+fans  is 32.757 C at this 
interval  is, and hpcm=5   ,the pcm stores small amounts of 
sensible heat which doesn’t  affect the temperatures of the two 
curve significantly. 
2.   (12am-4pm)  the p-value  table.b.6   is  smaller than 0.05 so 
they are significantly different, the mean of the air temperature 
inside the greenhouse with TH29+fans  is 45.26683 C at this 
interval,  and the fans is on in this interval so hpcm is set to (20 
W m-2°C-1), TH29 stores large amount of latent heat through the 
melting  process . 
3. (11pm-5.5am) the p-value table.b.6  is smaller than 0.05 so 
they are significantly different, the mean of the air temperature 
inside the greenhouse with TH29+fans  is 21.59 °C at this 
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interval,  and the fans is on  in this interval so hpcm is set to (20 
w m-2°C-1) , TH29 releases  large amounts of latent heat through 
the solidification process . 
         Also the t-test  of the  two curves in fig.4.4; without pcm 
and with TH29  was done for  two time intervals : 
1. (12pm-4pm)  the p-value table.b.6   is smaller than 0.05 so 
they are significantly different, the mean of the air temperature 
inside the greenhouse with TH29  is 49.47686 C at this interval, 
TH29 stores  large amounts of latent heat through the 
solidification process . 
         But hpcm is set to (5 W m-2°C-1) , the p-value for this 
value is smaller than  the p-value when hpcm is set to (20 W m-
2°C-1) . 
     2.  (12am-6am)  the p-value  table.b.6 is  larger than 0.05 so 
they are not significantly different, the mean of the air 
temperature inside the greenhouse with TH29  is 19.85 °C,  at 
this interval, and hpcm=5 w m-2°C-1,  the pcm release  small 
amounts of latent  heat which doesn’t affect  the temperatures 
of the two curve significantly. 
           So in order to use the pcm efficiently you must increase 
the charging heat at the day time and increase the discharging 
at night. 























Double poly with pcm21
 Double poly with TH29





Fig.4.5 Variation with time of greenhouse’s (-covered with single, and 
double poly-) inside air temperature with   and without pcm.  
Fig4.6 Magnification of night time of fig 4.5 
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         In Fig.4.5 and Fig.4.6   the cover of the greenhouse is doublepoly 
and,  pcm21 and pcm29 were used in the simulation. Using pcm21 is 
better than pcm29 since it lowers the temperature of the air inside the 
greenhouse at day time. Pcm21 stores more a mount of heat at day 
time during  it’s phase change, it will melts faster than pcm29,now at 
the night time the temperature  of the greenhouse is in the range of 
20-25 °C. 
        The t-test  of the  two curves in fig.4.5; double poly without 
pcm and double poly with pcm21   was significantly  different for 
the time interval  (10am-4pm)  with  p-value   5.98367E-7,  pcm21 
melts completely and store large amounts of latent and sensible 
heat . 
       While it is not significantly different  for the time 
intervals;( 6am-12am)  and  (6pm-6am), this is due; the air 
temperature inside the greenhouse and the melting point , the 
small value of hpcm, and the small value of the conductivity  
pcm21 table.2.7. 
       Also the t-test  of the  two curves in fig.4.5; double poly 
without pcm and double poly with TH29   was significantly  
different for the time interval  (10am-4pm)  with  p-value   0.00263,  
and  (1am-6am) ,this is due the difference of the air temperature 
inside the greenhouse and the melting point of TH29 ,and its 
conductivity . 

























 Douple poly with TH29








        The temperature of the air inside the greenhouse covered with 
doublepoly at  the day time is higher than that covered  with siglepoly  
Fig .4.7 Variation with time of greenhouse’s inside  air  temperature   
               23 July   Hebron. 
Fig 4.8 Magnification of part of fig 4.7.  
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as shown in figs 4.7  and 4.8  this is because  U of doublepoly  is 
smaller that  U of singlepoly, so the  heat losses will be more for  
singlepoly . 
      The t-test  of the  two curves in fig.4.7; double poly with TH29 and 
single poly with TH29   was significantly  different for the time interval  
(11am-4pm)  with  p-value  0.00124, the air temperature of the 
greenhouse covered with double poly is larger than the one covered 
with single poly,  this  is  due to the difference  in U  table3.5,  also the 
t-test is not significantly different when the solar heat gain is small at 
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Fig.4.9 Variation with time of PCM’s  temperature  at node 1  the  rectangular 
containers inside the greenhouse  covered  with  single  poly at 23 July in  
 Al-Aroub.  
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    Pcm21 solidifification during the day time starts at time 3 PM 
O’clock, hence it is not useful. However TH29 solidifies at time  11 PM 
at night which is more useful,  in summer days.  
 
4.2.2    the greenhouse   with PCM  in 21th  January    in Al-
Aroub : 
      Input data for  January  at  outside  velocity 7.0 m s-1  for  single 



























       Fig.4.10 shows the air temperature inside the greenhouse  versus 
time for three cases without pcm, with pcm21, and with pcm21 and 
fans. 
Fig.4.10 Variation with time of  greenhouse’s inside air  temperature covered 
with single poly  with PCM21  ,without  PCM ,with PCM21+Fans at 21  
January . 
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       Using the fans to increase the convectional heat transfer 
coefficient   of the pcm (hpcm=20 Wm-2k-1) makes it more efficient. 
     The Fans will be used  inside the greenhouse  to increase the air 
speed  of  the  air  over the PCM surface containers this will   increase  
the heat stored  inside the PCM at day time . 
       The fan  was  on  from ( 9,30AM-2,00PM )  at day time  and  from 
( 8PM-7AM ) at night time. 
       So hpcm is a primary  variable that  affects  the  discharging  and  
charging  operations of  the  PCM inside the greenhouse. 
      The t-test table.b.6 of the  two curves in fig.4.10; without pcm and 
with pcm21+fans was significantly  different for the time interval  
(11am-4pm)  with  p-value  7.31887E-4, this is caused by setting 
hpcm=20 Wm-2k-1   through (9,30AM-2,00PM), the pcm melts and store 
large amount of latent heat, also  the t-test is significantly different for 
the time interval (8pm-7am) with p-value 9.78737E-6, when the 
temperature inside the greenhouse  drops to low values int the range 
(7-5) C, then  pcm21  release the stored latent heat, using the fans  the 
fan through this interval speeds up the discharging process of the 
pcm . 
      The t-test  of the  two curves in fig.4.10; without pcm and with 
pcm21 was not significantly  different for the time intervals,  (11am-
4pm)  with  p-value  0.5788, and  (8pm-7am)  with p-value  0.23869, for 
these two intervals hpcm=5, the mean of the temperature inside the 
greenhouse at  the interval  (11am-4pm)  is  25.87864 C, this mean 
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doesn’t  allow the pcm to  melt since hpcm =5,   when the inside air 
temperature drops to low values at night time (8pm-7am), the 





























Fig.4.11 Variation with time of  greenhouse’s inside air  temperature covered 
with single poly  with PCM21  ,without  PCM ,with PCM17s at 21  January . 




























































































The  PCM  initial  temperature was set to  15  °C  which is the same  as 
the initial temperature of  the  greenhouse  inside air  . 
 
The simulation was done with pcm17 and pcm21  at the day time 
Fig. 4.13 Magnification of  Fig.4.11  form 17.00 Pm  to 7.00  Am  ,at 
Fig.4.12 Magnification of  Fig.4.11.    form 11.1pm  to 15.5 pm  ,at day 
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pcm17 will absorb  more heat than pcm21 because of it low  melting  
temperature so the pcm absorb  large amount of heat  during its  
phase change  . 
          And  at the night time when the temperature of the  inside air of 
the greenhouse  become lower than  the PCM’s  surface temperature  
the operation of the discharging  will start   since  PCM17   absorbed 
large amount of heat from  as shown in Fig4.12,  it  will  release  more  
heat to the greenhouse  than PCM21  as shown in fig 4.13 . 
Using PCM17 gives  better results than pcm21  as it  reduce  air  
temperature  during  the day  and  increase the inside temperature of 
the  greenhouse by  nearly   1.8 °C, while using PCM21  will  increase  
it  by  1.0 °C  at night time. 
         From Fig.4.11 the t-test table.b.6 for the curves; without pcm and 
pcm21 is not significantly different,  this is due the low  mean of the 
temperature  at the time interval  (10am-5pm),  pcm21 doesn’t  store 
large amount of heat, so it will release most of its  stored heat at the  
at the few hours at night time, so the  p-value for the time interval 
(8pm-7am) is not significantly different. 
       However the t-test table.b.6  for the curves of without pcm and 
pcm17 is  significantly different at the time interval (8pm-7am), it 
stored  larger amounts of heat than pcm21,  this  is due to the larger  
difference of the inside air temperature and the pcm melting 
temperature(17°C), this will affect the greenhouse inside air 
temperature significantly at the time interval (8pm-7am). 


















































 pcm21 node1    pcm17 node1    pcm17 node center 
 pcm13 node1    pcm13 node center    pcm21 node center 
 
          Fig4.14 shows  comparison between  the temperature of three 
different pcms   at the surface node and the center node, for all the 
pcms node one starts of melting and  starts of solidification faster 
than the node at the center, pcm13 starts of melting  first and then 
pcm17 finally pcm21, but  pcm21 ends solidification  faster than 
pcm17 and pcm13, this is due  the large difference of the 
temperatures of the air and  the melting temperature (21-10) °C  and  
smaller for pcm17 and pcm13, so the larger difference the faster in 
solidification  and the slower in melting, so pcm13  is the best pcm to 
be used in winter days  
 
Fig.4.14.Variation with time of PCM’s  temperature  at center  of  the  rectangular 
containers inside the greenhouse  covered  with  single  poly at 23 January in  
Hebron 
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T2:Total solar radiation falling on horizontal surface 













  T2 
Fig.4.15 Total solar radiation falls at the sides of the greenhouse at 
day of  23 February 






















































































Fig4.16.Inside air temperature  of the greenhouse with pcm13 ,21,17and without  pcm in  
February 23 . 
Fig4. 17. Magnification of Fig.4.16 of the greenhouse with pcm13 ,21,17and without   
                pcm in 23 February  

























































       From fig4.16 through  fig.4.18  the simulation shows  that using  
pcms 13  and  17  is  more  efficiently  than using  pcm21  this due to  
their low  melting  points  which  will  allow it to make  phase 
transitions  and absorb the heat that  will be released  at night . 
since the   maximum temperature  inside the greenhouse is 26.0 °C  
so  we must use  PCM’s with low melting temperature to  make them  
reach the melting  temperature,  so they can store large amounts of 
heat, that will be released later at night when the temperature of the 
greenhouse air drop  down  to low   temperatures . 
Fig4.18. magnification of Fig.4.16  of the greenhouse with pcm13 ,21,17and  
               without  pcm in  23 February  23 At  night time. 
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          The  t-tests  of the curves in fig.416;  without pcm and (pcm21, 
pcm17),  are  not significantly different ,this is due to the low day time 
temperature its maximum value is 26 C, pcm21 and pcm17 don’t  
store large amounts of heat at the day time, so  theire stored heat will 
not  affect the inside air temperature at the night time when the inside 
air temprature drops in the range (4-7) C, but pcm13 will store larger 
amounts of latent heat this shown in fig.4.19 ,so the t-est for pcm13 is 


















































 center node pcm13
 node1 pcm17
 center node pcm17
 node1 pcm21










Fig 4.19  shows that pcm13   the slower in releasing the stored energy 
so  it  is  better to use in winter days than pcm21 and pcm17,  pcm13 
will release its stored energy  when the temperature of the 
greenhouse drops to lower  temperature  nearly 6 °C   or lower. 
Fig4.19. variation  with time of PCM’s(17,13,21) temperature at the center and   
first node at February  
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Chapter 5 
 Conclusions and  recommendations  
        The main problem of using the  pcm is its  low thermal 
conductivity, and the low  convectional heat transfer coefficient of air 
inside the greenhouse; this makes the  rate of  heat transfer from the 
air to the pcm storage and then  through the pcm  low. 
       The temperature of the greenhouse  drop to low temperatures 
especially during the winter and this  may destroy the plants inside it, 
so heating  the greenhouse is needed to prevent such damage of the 
plants. 
       Using the phase change material inside the greenhouse  in 
summer days lower the  inside air temperature   of the greenhouse at  
the day time by about (3- 4) Co ,  so it will absorb large amounts of 
heat during  the phase change process, and this  stored heat will be 
released to the greenhouse  when the air  temperature drops at the 
night time . 
      Hence in sunny winter days the pcm  raise the air temperature 
inside the greenhouse ,and reduce the swing in air temperature by  
about 5 Co  . 
         The pcm chosen must be suitable, so it must undergo the phase 
transitions, and because the air temperature of the greenhouse is  in 
the range (20-50) °C in  summer days thus  pcm29  or pcm21 can be  
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used . 
         In sunny winter days the day temperature inside the greenhouse 
is in the range (20-26) °C, so pcm13 or 17 is used in the simulations, 
in order to  store the heat during their  phase transitions. 
         The discharging and charging process of the pcm is slow  
because of  their  low  thermal conductivities and  convectional heat 
transfer coefficient  between the  air inside the greenhouse  and  pcm 
containers  so, using fans raise  convectional heat transfer coefficient  
between air and  the pcm  containers, so  at day time larger amounts 
of heat may be stored inside the pcm, and using fans at night  release 
this stored energy .  
       The cover material of the greenhouse is important,  using  
singlepoly   for the greenhouse  at Al-Aroub   gives good results of 
the inside temperature, but high results at noon time from the 
simulations using doublepoly will raise the temperature in winter 
days . 
        The outside air velocity and conditions directly affecting  the 
inside conditions of the greenhouse. 
For  future work improve  the simulation model of the  greenhouse  
by incorporating   crop inside, then  all the conditions surrounding 
the crop must be taken into account (humidity, vapor pressure, latent 
heat of water vapor,  temperature of soil ,…). 
       The model of the greenhouse with  pcm may be improved by 
using metal fines inside the pcm containers  to  increasing its thermal 
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conductivity.  
In addition using more accurate    input data of outside temperature 
and solar radiation. 
The orientation of the greenhouse is very important especially for 
winter planting, it depends on the location area that the solar 
radiation and direction of the wind,  effect of the orientation can be 
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Appendices 
Appendix .A  (program codes) 
A.1 Solving dynamical equation of Greenhouse without PCM  source code. 
import java.io.*; 
public class  DayNET 
{ 
public static void main(String[]  args) 
{ 
double dt=3600.0/2.0;  //time step 
double hc=5.0;         // over all convectional    convectional 
// heat transfer. 
double Ti=20.0;         //initial Temperature inside the greenhouse 
double vdot=1.0/3600.0; // ventilation rate 
double Tout=20.0;       //initial outside temperature 
double roha=1.5;        // air density 
double ca=1044.0;       // air specific heat 
double ap=.225;         //transmittance *solar coefficient 
double NN=3.0;          // number of Guttered 
double Ad=3.0;          // greenhouse height 
double Bd=8.0;          // greenhouse width for 1 gutter. 
double Cd=50.0;         // greenhouse length 
double Hd=1.5;          // greenhouse height of the curve. 
double Dd=10.0;         //greenhouse length of the curve for 1 gutter. 
Af=Dd*Cd*NN;            // curved cover  area 
double Ae=Ad*Cd*NN;     // East cover area 
double Aw=Ae;           // west cover area= east cover area 
double An=((2.0*Hd*Bd/3.0)+(Ad*Bd))*NN; // north  cover area 
double As=An;           //south cover area= north cover area 
double v=((2.0*Hd*Bd*Cd/3.0)+(Ad*Bd*Cd))*NN; //greenhouse volume. 
Ai=Ae+Af+Aw+An+As;    // Total cover surface area. 
double Z=3.8691;   // over all convectional heat transfer. 






pw=new PrintWriter(new FileOutputStream("d:/resaleh/greenw.dat")); 
pw.println("A=["); 
} 
catch (IOException ex){} 
pw.println("  " ); 
double TTTout[]=new double[13]; 
double TTout[]=new double[13];double H[]=new double[13]; 
double E[]=new double[13];double WW[]=new double[13]; 
double SS[]=new double[13];double N[]=new double[13]; 
// reading Tout ,Solar radiation each hour from a file// 
TTout=find(1.0 ,"july.dat" ,13);   //Tout 
H=find(2.0 ,"july.dat" ,13);   //solar radiation at horizontal surface 
E=find(3.0 ,"july.dat" ,13);   //solar radiation at eastern surface 
WW=find(4.0 ,"july.dat" ,13);  //solar radiation at western surface 
N=find(5.0 ,"july.dat" ,13);   //solar radiation at nothern surface 
SS=find(6.0 ,"july.dat" ,13);  //solar radiation at southern surface 






S=(H[0]*Af+E[0]*Ae+WW[0]*Aw+N[0]*An+SS[0]*As); // total solar radiation 
// falling the greenhouse cover 






double matr=W/ff;  // solution 
pw.println("   "+matr); 
Ti=matr; 
}  //end  main for loop 
// greenhouse night 
vdot=v*1.5/(3600.0); 
ff=(1+Z*Ai*dt/(v*roha*ca)+dt*vdot/v); 
S=0.0;   // night solar radiation 
for(int p=1;p<25;p++) 
{ 






pw.println("   "+matr); 
Ti=matr; 
}  //end  main for loop 
if (pw!=null) pw.close(); 
pw.println("];"); 
pw.print("plot(A)"); 
if (pw!=null) pw.close(); 
} //end main*********************** 
//file reader  *************************** 
public static double[] find(double g ,String  fil,int x ) 
{ 
FileReader frs =null; 
StreamTokenizer in=null; 
String sname="slam"; 














for (int i=0;i<x;i++) 































};//end main class  (the end of  the program) 
 
A.2 the greenhouse with phase change material (PCM) source    
         code.     
import java.io.*; 
public class  WinterFinal 
{ 
private static   int t; 
private static   int Q; 
private  static   int l; 
private static   double[] matrix=new double[Q]; 
private static   int q; 





pw=new PrintWriter(new FileOutputStream("d:/resaleh/finalWinter.dat")); 
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} 
catch (IOException ex){} 




double[] Pm=new double[5]; 
Pm=find(3.0 ,"d:/resaleh/pcm.dat" ,5); 
for (int tm=0;tm<5;tm++){ 
pw.print("%  " +(double) (Pm[tm]));} 
double Tm=Pm[0]; // melting Temperature of the PCM [c]. 
double dt=300.0; // time step [s] 
double  dx=0.02; // control volume width. 
double d=Pm[4];  // conductivity of PCM. 
double c=1000.0*Pm[3]; // spesific heat of PCM. 
double roh=Pm[1];      // density of PCM 
double  alpa;          // thermal difusivity. 
alpa=d/(roh*c); 
pw.print(" ccc " +(double) (c)); 
double f;f=alpa*dt/(Math.pow(dx,2));  // fourier number. 
double  L=1000.0*Pm[2]; // latent heat of PCM. 
double[] t=new double[4]; 
int pl=1000; 
double hc=5.0; 
double upcm=5.0;   // heat transfer coefiecint of PCM. 
double Apcm=400.0; // total surface area of PCM. 
double fg=upcm*dx/d; // biot number. 
// all the variables are mentioned in the program DayNET.java 
double Ti=15.0;double Tout=12.0;double roha=1.5;double ca=1044.0;double ap=.28; 
double NN=3.0; 
double Z=6.6; 










pw.println("%the greenhouse with  pcm"); 
pw.println("   %v   " +(double) (v)); 
pw.println("   %An   " +(double) (An)); 




double Bi=upcm*dx/d;   // biot number 
////end of mentioned variables 
double W=Ti+Tout*(Z*Ai*dt/(v*roha*ca)+dt*vdot/v)+dt*Ae*ap*S/(v*roha*ca); 
System.out.println("   "+W); 






// solution of [A]*[T]=[b] 
//[A] matrix. 



















double[] X=new double[Q]; 
for(int i=0;i<Q;i++) 
{X[i]=z;} 
double fl[][]=new double[pl][((Q-3)/2)+1]; 





F[b][a]=0.0;              // initial liquid fracitons (solid PCM) 
fl[b][a]=0.0;}} 
double R[ ][  ]=new double[pl][((Q-1)/2)+1]; 
for (int i=0;i<pl;i++) 
{ 
for (int j=0;j<((Q-1)/2)+1;j++) 
{ 




double TTTout[ ]=new double[15]; 
double TTout[ ]=new double[11];double H[ ]=new double[11]; 
double E [ ]=new double[11];double WW[]=new double[11]; 
double SS[ ]=new double[11];double N[]=new double[11]; 
// reading Tout ,solar radiation each hour. 
// mentioned in DayNET.java. 
TTout=find(1.0 ,"febr.dat" ,11); 
H=find(2.0 ,"febr.dat" ,11); 
E=find(3.0 ,"febr.dat" ,11); 
WW=find(4.0 ,"febr.dat" ,11); 
N=find(5.0 ,"febr.dat" ,11); 
SS=find(6.0 ,"febr.dat" ,11); 
pw.println("  "); 
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pw.println("  "); 
//gauss(double A[][],double[] X,int FALSE,int TRUE,double TOL,int k,int NN,int N) 
TTTout=find(7 ,"febr.dat" ,15); 









if(p>=121 && p<=288) 
{ 






if((p%12)==0.0) {Tout=TTTout[(p/12)-10];}   //Tout each hour 
if (p==121){Tout=TTTout[0];} 
} 
// if needed ventalation 
/** 
















































*/ /end of 'if needed ventalation'. 
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h[0][Q]=Ti+Tout*(Z*Ai*dt/(v*roha*ca)+dt*vdot/v)+dt*ap*S/(v*roha*ca); 
// gauss sidel solution. 







for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
X[Q-i]=X[i-1];} 
for (int i=0;i<((Q-1)/2)+1;i++){         //out put to file 
pw.print("  " +(double) (matrix[i]));} 
pw.println("    ;   "); 
//updating liguid fraction for the first node. 








//updating liguid fraction for the remain nodes. 
for(int  k=2;k<(Q-((Q+3)/2))+1;k++) 
{ 







} ///end  if 
} //end for 
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////updating liguid fraction for the central  node. 










//test of melting for the first CV. 
if ((R[p][1]>=Tm)  &&   (R[p-1][1]< Tm)) 
{ 
fl[p][0]=fl[p-1][0]+2*Bi*Fa*matrix[0]-2*Fa*(1+Bi)*Tm+2*Fa*R[p][2]-c/L*(Tm-R[p-1][1]); 





// updating the coefecients of the node. 
h[1][0]=0.0;h[1][1]=1.0;h[1][2]=0.0;h[1][Q]=Tm; 
h[Q-2][Q-1]=h[1][0];h[Q-2][Q-2]=h[1][1];h[Q-2][Q-3]=h[1][2];h[Q-2][Q]=h[1][Q]; 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
//resolving  the problem at this time step. 
pw.println("%correctionTT000"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 







for (int i=1;i<((Q-1)/2)+1;i++) 














// testing the end of melting at the first node. 
if ((fl[p][0]>=1.0)  &&  (fl[p-1][0]< 1.0)) 
{ 
G=12; 






// resolve at the same time step. 
matrix= gauss( h, X,0,1,0.00000000000001,10000000,Q); 
pw.println("%end of meltingrrrr "+(int)  (p)); 
for (int i=0;i<5;i++){ 
pw.print("      " +(double) (matrix[i]));} 







for (int i=1;i<((Q-1)/2)+1;i++) 
{ 




// test if other nodes start of melting while ending at node 1 . 
for(int q=2;q<(Q-((Q-1)/2))-1;q++) 
{ 













matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT00011111"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 












if(j!=q)     //continue; 
{ 
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}  ///end if 
}   // end  for 
// test of start of melting at the center node. 
















// resolve at the same time step. 
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matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 







for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
X[Q-i]=X[i-1];} 
} ///end if 
for(int u=0;u<(Q-3)/2+1;u++) 
{if (fl[p][u] <= 0.0) 
{ 
fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 
fl[p][u]=1.0;} 
F[p][u]=fl[p][u];} 
//test if any CV end of melting 
for(int  q=2;q<(Q-((Q+3)/2))+1;q++){ 
if ((fl[p][q-1]>=1.0)  &&  (fl[p-1][q-1]< 1.0)  &&  (fl[p-1][q-1]>0.0)){ 
GR=q-1; 
int aa=q; 








matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
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pw.println("%end of meltingccck "+(double)(fl[p-1][q-1])); 
for (int i=0;i<5;i++){ 
pw.print("      " +(double) (matrix[i]));} 
pw.println("       "); 




for (int i=1;i<((Q-1)/2)+1;i++){ 
X[Q-i]=X[i-1];} 
//test for start of melting of other nodes. 
for(int e=aa+1;e<(Q-((Q-1)/2))-1;e++) 
{ 
if ((R[p][e]>=Tm)  &&   (R[p-1][e]< Tm)) 
{ 












matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTTdsa"+(double) (fl[p][e-1])); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 














if(j!=e)     //continue; 
{ 


















}  ///end if 
}   // end  for 
}   ///if 
}//for 
//test for end of melting at the central CV . 
if ((fl[p][(Q-((Q+1)/2))-1]>=1.0)  &&  (fl[p-1][(Q-((Q+1)/2))-1]<1.0)) 
{ 
// update coeffecient  if the CV endes of melting. 
h[(Q-((Q+1)/2))][(Q-((Q+1)/2))]=(1+2*f);h[(Q-((Q+1)/2))][(Q-((Q+1)/2))-1]=-f;h[(Q-
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((Q+1)/2))][Q]=(Tm-L/c*(1-fl[p-1][(Q-((Q+1)/2))-2]));h[(Q-((Q+1)/2))][(Q-((Q+1)/2))+1]=-f; 
X[(Q-((Q+1)/2))]=(Tm-L/c*(1-fl[p-1][(Q-((Q+1)/2))-1]));  //////****take  care **** 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%end of melting "+(double)((Q-((Q+1)/2)))); 
for (int i=0;i<(Q-4);i++){ 
pw.print("      " +(double) (matrix[i]));} 













if (fl[p][u] <= 0.0) 
{ 
fl[p][u]=0.0;} 



















if (fl[p][u] <= 0.0) 
{ 
fl[p][u]=0.0;} 




//test for starting of soidification 
if ((R[p][1]<=Tm)  &&   (R[p-1][1]> Tm)) 
{ 






//update node  coefficients. 
h[1][0]=0.0;h[1][1]=1.0;h[1][2]=0.0;h[1][Q]=Tm; 
h[Q-2][Q-1]=h[1][0];h[Q-2][Q-2]=h[1][1];h[Q-2][Q-3]=h[1][2];h[Q-2][Q]=h[1][Q]; 
//resolve at the same time step. 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
for (int i=0;i<(Q+1)/2;i++){               // print the result. 
pw.print("      " +(double) (matrix[i]));} 







for (int i=1;i<((Q-1)/2)+1;i++) 
{ 




















// testing start of solidification at other nodes 
for( q=2;q<(Q-((Q+1)/2));q++) 
{ 
if ((R[p][q]<=Tm)  &&   (R[p-1][q]> Tm)) 
{ 





if (fl[p][q-1] <= 0.0) 
{ 
fl[p][q-1]=0.0;} 
if (fl[p][q-1] >= 1.0){ 
fl[p][q-1]=1.0;} 
// update coefficients of the node if starting of solidification 
h[q][q-1]=0.0;h[q][q]=1.0;h[q][Q]=Tm;h[q][q+1]=0.0; 
h[Q-(q+1)][Q-(q+1)]=1.0;h[Q-(q+1)][Q-(q+2)]=0.0;h[Q-(q+1)][Q]=Tm;h[Q-(q+1)][Q-(q)]=0.0; 




// resolve at the same time step 











System.out.println("  "); 
pw.println("%correctionTTT "+(double) (q) ); 
for (int i=0;i<(Q-((Q-1)/2));i++){ 
pw.print("%13" +(double) (matrix[i]));} 















if (fl[p][u] <= 0.0) 
{ 
fl[p][u]=0.0;} 
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//test of starting of solidification at the center of PCM. 
if ((R[p][(Q-((Q+1)/2))]<=Tm)   &&  ( R[p-1][(Q-((Q+1)/2))]>Tm)) 
{ 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT"+(double) ((Q-((Q+1)/2)))); 
for (int i=0;i<(Q-3)/2+2;i++){ 
pw.print("%14" +(double) (matrix[i]));} 













if (fl[p][u] <= 0.0) 
{ 
fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 
fl[p][u]=1.0;} 




//test for end of solidification at node 1 . 
if ((fl[p][0]<=0.0)  &&  (fl[p-1][0]>0.0)  ) 
{ 
G=4; 






//resolve at the same time step 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%end of solidificationoneSS "+(double) fl[p-1][0]); 
for (int i=0;i<(Q-4);i++){ 
pw.print("      " +(double) (matrix[i]));} 
















pw.println("%15" +(double) (fl[p][j-1])); 
} 
if (fl[p-1][(Q-((Q+1)/2))-1]!=0.0){ 





//test for start of solidification while ending at first CV. 
for( q=2;q<(Q-((Q+1)/2));q++) 
{ 






if (fl[p][q-1] <= 0.0) 
{ 
fl[p][q-1]=0.0;} 
















System.out.println("  "); 
pw.println("%correctionTTT "+(double) (q) ); 
for (int i=0;i<(Q-((Q-1)/2));i++){ 
pw.print("%13" +(double) (matrix[i]));} 
pw.println("       "); 
















if (fl[p][u] <= 0.0) 
{ 
fl[p][u]=0.0;} 







//test of ending of solidification at other nodes. 
for( q=2;q<(Q-((Q+1)/2));q++) 
{ 
// update the liquid fraction 
if ((fl[p][q-1]<=0.0)  &&  (fl[p-1][q-1]>0.0)  &&  (fl[p-1][q-1]<1.0)) 
{ 
int MP=q; 
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X[Q-(q+1)]=X[q]; 
//resolve at the same time step. 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%end of solidifcationth"+(double) (fl[p-1][q-1])); 
for (int i=0;i<(Q-((Q-1)/2));i++){ 
pw.print("%15" +(double) (matrix[i])); 
} 






















//test start of solidification 
for(int e=MP;e<(Q-((Q-1)/2))-1;e++) 
{ 
if ((R[p][e]<=Tm)  &&   (R[p-1][e]> Tm)) 
{ 
if (fl[p][e-1]!=0.0){    /////new ***************** 
fl[p][e-1]=fl[p-1][e-1]+d*dt/(roh*L*Math.pow(dx,2))*(R[p][e-1]-2*Tm+R[p][e+1])-(c/L*(Tm-












matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 



































}  ///end if 
}   // end  for 
}//if 
}//for 
//test of end of solidification at the center. 




X[(Q-((Q+1)/2))]=(Tm-L/c*(-fl[p-1][(Q-((Q+1)/2))-1]));   ////take  care****** 
//X[(Q-((Q+1)/2))]=(Tm); 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%end of solidifcation"+(double) ((Q-((Q+1)/2)))); 
for (int i=0;i<(Q-((Q-1)/2));i++){ 

















if (fl[p][u] <=0.0) 
{ 
fl[p][u]=0.0;} 







if (fl[p][u] <= 0.0) 
{ 
fl[p][u]=0.0;} 

















if(p>=121 && p<=288) 
{ 











}  //end  main for loop 
pw.println("];"); 
pw.print("plot(A(:,1))"); 
if (pw!=null) pw.close(); 
} //end main*********************** 
 
///METHODS  USED 
// gauss sidel itterative procedure 




double b[]=new double[N]; 
int OK=0 ; 
double ERR; 
while (( OK == FALSE)  &&   (k<= NN )) 
{ 
ERR = 0.0; 
for (int I = 0 ;I< N;I++) 
{ 
double S = 0.0; 
for (int J = 0 ;J< N;J++) 
{ 
S = S-A[I][J]*X[J]; 
} 
S = (S+A[I][N])/(A[I][I]); 
if (Math.abs(S) > ERR) 
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{ 
ERR  = Math.abs(S); 
} 
X[I] = X[I] + S; 
} 
// process is complete 




else if (ERR <= TOL)  break; 
} 




return (double[])( b); 
}   //end METHOD  GAUSS ITERATION 
public static void printX(double[] m,int d) 
{ 
for(int i=0;i<d;i++) 
System.out.print("   "+m[i]); 
} 









//file reader  *************************** 
public static double[] find(double g ,String  fil,int x ) 
{ 
FileReader frs =null; 






















































A.3 Constant convectional  heat transfer at  end walls source code: 
import java.io.*; 
public class  ConvLIQSOL 
{ 
private static   int t; 
private static   int Q; 
private  static   int l; 
private static   double[] matrix=new double[Q]; 
private static   int q; 





pw=new PrintWriter(new FileOutputStream("d:/resaleh/convconstant.dat")); 
} 
catch (IOException ex){} 




double[] Pm=new double[5]; 
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Pm=find(3.0 ,"d:/resaleh/pcm.dat" ,5); 
for (int tm=0;tm<5;tm++){ 
pw.print("%  " +(double) (Pm[tm])); 
} 
double Tm=Pm[0];           //pcm melting temperature 
double dt=5.0;                  // time step  
double  dx=0.002;            //space between nodes  
double d=Pm[4];             // pcm conductivity  
double c=1000.0*Pm[3]; // pcm specific heat  
double roh=Pm[1];      // pcm density   
double  alpa; 
alpa=d/(roh*c);         // thermal diffusivity  
pw.print(" ccc " +(double) (c)); 
double f ; f=alpa*dt/(Math.pow(dx,2)); 
double  L=1000.0*Pm[2];    // pcm latent heat  
double[] t=new double[4]; 
int pl=1000; 




double Bi=upcm*dx/d;                           // Biot number 
double B=Bi; 
double z=17.4;                                    // initial condition  





double[][] h=new double[Q][Q+1]; 
// coefficients of  node 1 and 2  












// coefficients of internal  nodes 
for(int k=2;k<(Q-2);k++){ 
    h[k][k]=(1+2*f); 
    h[k][k+1]=-f; 
    h[k][k-1]=h[k][k+1]; 
    h[k][Q]=z;} 
double[] X=new double[Q]; 
for(int i=0;i<Q;i++) 
   {X[i]=z;} 
pl=4000; 
 double fl[][]=new double[pl][((Q-3)/2)+1]; 
 double F[][]=new double[pl][((Q-3)/2)+1]; 








double R[][]=new double[pl][((Q-1)/2)+1]; 
for (int i=0;i<pl;i++) 
{ 






pw.println("  "); 
//gauss(double A[][],double[] X,int FALSE,int TRUE,double TOL,int k,int NN,int N) 
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 int gt=3000; 
for (int p=1 ; p<1560 ; p++) 
{ 
if (p>1560)                   // boundary condition for solidification  
  { h[0][Q]=10.0;} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("  " +(double) (matrix[i]));} 
pw.println("    ;   "); 
// update liquid fraction of node 1  after start of melting  
if(R[p][1]==Tm  &&  fl[p-1][0]<1.0  && fl[p-1][0]>0.0) 
{ 
if (fl[p-1][0]< fl[p-2][0]){ 
fl[p][0]=fl[p-1][0]+2*Bi*Fa*matrix[0]-2*Fa*(1+Bi)*Tm+2*Fa*R[p][2]; 
} 








// update liquid fraction of internal nodes  after start of melting  
for(int  k=2;k<(Q-((Q+3)/2))+1;k++) 
{ 
if(R[p][k]==Tm  &&    fl[p-1][k-1]<1.0  && fl[p-1][k-1]>0.0) 













} ///end  if 
} //end for 
// update liquid fraction of central  node   after start of melting  









// check start of melting for node 1 




  {fl[p][0]=0.0;} 
if (fl[p][0]>=1.0) 
  {fl[p][0]=1.0;} 
// update node 1 coefficients  
h[1][0]=0.0;h[1][1]=1.0;h[1][2]=0.0;h[1][Q]=Tm; 
h[Q-2][Q-1]=h[1][0];h[Q-2][Q-2]=h[1][1];h[Q-2][Q-3]=h[1][2];h[Q-2][Q]=h[1][Q]; 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
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for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 
pw.println("       ");  
 for(int r=1;r<(Q+1)/2;r++) 
 { 
 R[p][r]=matrix[r]; 
  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 









  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 
  {fl[p][j-1]=1.0;} 
} 
}//if 
// check start of solidification for node 1 




  {fl[p][0]=0.0;} 
if (fl[p][0]>=1.0) 
  {fl[p][0]=1.0;} 
// update coefficients of node 1. 
h[1][0]=0.0;h[1][1]=1.0;h[1][2]=0.0;h[1][Q]=Tm; 
h[Q-2][Q-1]=h[1][0];h[Q-2][Q-2]=h[1][1];h[Q-2][Q-3]=h[1][2];h[Q-2][Q]=h[1][Q]; 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
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for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 









  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 
  {fl[p][j-1]=1.0;} 
} 
}//if 
// check end of melting of node 1 
if ((fl[p][0]>=1.0)  &&  (fl[p-1][0]< 1.0)) 
{ 
 G=12; 





 matrix= gauss( h, X,0,1,0.00000000000001,10000000,Q); 
pw.println("%end of meltingrrrr "+(int)  (p)); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 
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  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
  }//end if  
if (fl[p][0]>=1.0){ fl[p][0]=1.0;} 
if (fl[p][0]<=0.0){ fl[p][0]=0.0;} 
//check end of solidification of node 1 
if ((fl[p][0]<=0.0)  &&  (fl[p-1][0]>0.0)  &&  (fl[p-1][0]<=1.0)) 
{ 
 G=12; 





   {fl[i][0]=0.0;} 
X[Q-2]=X[1];  
 matrix= gauss( h, X,0,1,0.00000000000001,10000000,Q); 
pw.println("%end of melrrsolid "+(int)  (p)); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
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X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
  }//end if  
for(int q=2;q<(Q-((Q-1)/2))-1;q++) 
{ 
if (R[p][q-1]>Tm){        // check start of melting  
if ((R[p][q]>=Tm)  &&   (R[p-1][q]< Tm)) 
{ 
   fl[p][q-1]=fl[p-1][q-1]+d*dt/(roh*L*Math.pow(dx,2))*(R[p][q-1]-2*Tm+R[p][q+1])-(c/L*(Tm-
R[p-1][q])); 
 if (fl[p][q-1]<=0.0) 
  {fl[p][q-1]=0.0;} 
if (fl[p][q-1]>=1.0) 
  {fl[p][q-1]=1.0;} 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT00011111"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
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{ 






  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 








  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
} ///end if new 




if (R[p][q-1]<Tm){        //check start of solidification 
if ((R[p][q]<=Tm)  &&   (R[p-1][q]> Tm)) 
{ 
   //correction of liquid fraction 
fl[p][q-1]=fl[p-1][q-1]+d*dt/(roh*L*Math.pow(dx,2))*(R[p][q-1]-2*Tm+R[p][q+1])-(c/L*(Tm-
R[p-1][q])); 
 if (fl[p][q-1]<=0.0) 
  {fl[p][q-1]=0.0;} 
if (fl[p][q-1]>=1.0) 
  {fl[p][q-1]=1.0;} 






matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000solid1111"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 











  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 
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  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
} ///end if new 
}   // end  for 
// check start of melting of central  node  







  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTTcenter"); 
for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 } ///end if  
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///check start of solidification of central node  







  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTTcenter"); 
for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 } ///end if  
for(int u=0;u<(Q-3)/2+1;u++) 
{ 
if (fl[p][u] <= 0.0) 
  { 
  fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 
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  fl[p][u]=1.0;} 
 F[p][u]=fl[p][u]; 
} 
//check  end of melting of internal nodes 
for(int  q=2;q<(Q-((Q+3)/2))+1;q++) 
{ 















pw.println("%end of meltingccc "+(int)(q)); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
//check start of melting of other nodes 
for(int e=aa+1;e<(Q-((Q-1)/2))-1;e++)   
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{ 
if ((R[p][e]>=Tm)  &&   (R[p-1][e]< Tm)) 
{ 





  {fl[p][e-1]=0.0;} 
if (fl[p][e-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT0002"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 
pw.println("       ");  
//printX(matrix); 
 for(int r=1;r<(Q+1)/2;r++) 
 { 
 R[p][r]=matrix[r]; 
  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 













  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 








  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
}   // end  for 
}   ///if 
}//for 
//check end of solidification  of internal nodes 
for(int  q=2;q<(Q-((Q+3)/2))+1;q++) 
{ 











 matrix= gauss( h, X,0,1,0.000000000000001,1000000,Q); 
for(int i=p;i<3000;i++) 
   {fl[i][q-1]=0.0;} 
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pw.println("%end of solidccc "+(double)(q)); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
// check start of melting of other nodes 
for(int e=aa+1;e<(Q-((Q-1)/2))-1;e++) 
{ 
if ((R[p][e]<=Tm)  &&   (R[p-1][e]>Tm)) 
{ 





  {fl[p][e-1]=0.0;} 
if (fl[p][e-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%corrsolid0002"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 
pw.println("       ");  
for(int r=1;r<(Q+1)/2;r++) 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 











  {fl[p][j-1]=0.0;} 
 
if (fl[p][j-1]>=1.0) 








  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
}   // end  for 
}   ///if 
}//for 
if(R[p][(Q-((Q+1)/2)-1)]>Tm)  // check start of melting of central node 
{ 
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  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTTcenter"); 
for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 } ///end if  
} 
//solid 
if(R[p][(Q-((Q+1)/2)-1)]<Tm) // check start of solidification of central node. 
{ 
if ((R[p][(Q-((Q+1)/2))]<=Tm)  &&   (R[p-1][(Q-((Q+1)/2))]> Tm)) 
{ 
if (fl[p-1][(Q-((Q+1)/2))-1]!=0.0){ 






  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%corresolidcenter"); 
for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 } ///end if  
} 
//check end of melting of central node 




X[(Q-((Q+1)/2))]=(Tm-L/c*(1-fl[p-1][(Q-((Q+1)/2))-1]));  //////****take  care **** 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
  pw.println("%end of melting "+(double)(fl[p-1][(Q-((Q+1)/2))-1])); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
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pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 




    h[k][k]=(1+2*fliq); 
    h[k][k+1]=-fliq; 
    h[k][k-1]=h[k][k+1]; 
    } 
 }//if 
//check end of solidification of center node. 





X[(Q-((Q+1)/2))]=(Tm-L/cl*(-fl[p-1][(Q-((Q+1)/2))-1]));   
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
  pw.println("%end of melting "+(double)(fl[p-1][(Q-((Q+1)/2))-1])); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 
pw.println("       "); 
 for(int r=1;r<((Q-1)/2)+1;r++) 
 { 
 R[p][r]=matrix[r]; 
  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 





   {fl[i][(Q-((Q+1)/2))-1]=0.0;} 






    h[k][k]=(1+2*f); 
    h[k][k+1]=-f; 
    h[k][k-1]=h[k][k+1]; 




if (fl[p][u] <= 0.0) 
  { 
  fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 













if (pw!=null) pw.close(); 
} //end main*********************** 
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double b[]=new double[N]; 
int OK=0 ; 
double ERR; 
while (( OK == FALSE)  &&   (k<= NN )) 
{   
  ERR = 0.0; 
for (int I = 0 ;I< N;I++)  
 { 
 double S = 0.0; 
 for (int J = 0 ;J< N;J++) 
 { 
 S = S-A[I][J]*X[J]; 
 } 
 S = (S+A[I][N])/(A[I][I]); 
 if (Math.abs(S) > ERR)  
 { 
  ERR  = Math.abs(S); 
 } 
 X[I] = X[I] + S; 
 } 
//STEP 4 
 // process is complete 
  if (ERR > TOL)  
 {  
// STEP 5 
  OK=FALSE; 
  k=k+1; 
//STEP 6 - is not used since only one vector is required 
 } 
 else if (ERR <= TOL)  break; 
} 
for (int o=0;o<N;o++) 





 return (double[])( b); 
}   //end METHOD  GAUSS ITERATION 
public static void printX(double[] m,int d) 
{ 
for(int i=0;i<d;i++) 
  System.out.print("   "+m[i]); 
} 




for(int j=0;j<(d+1);j++)   




//file reader  *************************** 
public static double[] find(double g ,String  fil,int x ) 
{ 
FileReader frs =null; 
StreamTokenizer in=null; 
String sname="slam"; 















 if (mid==g){  
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A.4 Constant  temperature at the  boundary condition source code: 
import java.io.*; 
public class  Melt 
{ 
private static   int t; 
private static   int Q; 
private  static   int l; 
private static   double[] matrix=new double[Q]; 
private static   int q; 





pw=new PrintWriter(new FileOutputStream("d:/resaleh/Meltr.dat")); 
} 
catch (IOException ex){} 




double[] Pm=new double[5]; 
Pm=find(3.0 ,"d:/resaleh/pcm.dat" ,5); 
for (int tm=0;tm<5;tm++){ 
pw.print("%  " +(double) (Pm[tm])); 
} 
double Ts=60.0;  // wall tempereatures 
double Tm=Pm[0]; // pcm melting temperature 
double dt=60.0;     // time step  
double  dx=0.01;   //space between nodes  
double d=Pm[4]; // pcm conductivity  
double c=1000.0*Pm[3]; // pcm specific heat  
double roh=Pm[1];        // pcm density   
double  alpa;               
alpa=d/(roh*c);           // thermal diffusivity  
pw.print(" ccc " +(double) (c)); 
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double f;f=alpa*dt/(Math.pow(dx,2)); 
double  L=1000.0*Pm[2];         // pcm latent heat  
double[] t=new double[4]; 
int pl=1660; 
pw.println("  "); 
pw.println("A=["); 
double z=10.0; 
//double Fa=4*d*dt/(roh*L*Math.pow(dx,2));  




//  the coeffecients of nodes 
for(int k=1;k<(Q-2)+1;k++){ 
    h[k][k]=(1+2*f); 
    h[k][k+1]=-f; 
    h[k][k-1]=h[k][k+1]; 
    h[k][Q]=z;} 
double[] X=new double[Q]; 
for(int i=0;i<Q;i++) 
   {X[i]=z;} 
double fl[][]=new double[pl][((Q-3)/2)+1]; 
 double F[][]=new double[pl][((Q-3)/2)+1]; 
 for(int b=0;b<pl;b++) 
 { 






double R[][]=new double[pl][((Q-1)/2)+2]; 
for (int i=0;i<pl;i++) 
{                                                // initial conditions  
for (int j=0;j<((Q-1)/2)+2;j++) 
{ 





for (int i=0;i<pl;i++) 
{ 
R[i][0]=Ts;}                               //boundary conditions 
double TNT=12.0; 
pw.println("  "); 
//gauss(double A[][],double[] X,int FALSE,int TRUE,double TOL,int k,int NN,int N) 




// update liquid fraction 
fl[p][j-1]=fl[p-1][j-1]+d*dt/(roh*L*Math.pow(dx,2))*(R[p][j-1]-2*Tm+R[p][j+1]); 
} 





if (fl[p][u] <= 0.0) 
  { 
  fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 
  fl[p][u]=1.0;} 
 F[p][u]=fl[p][u]; 
} 
 // gauss method is gauss sidel iterative procedure  
// which solves the system of liniar  equations 
// to find the temperature at pcm nodes 




  X[r]=matrix[r]; 








for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("  " +(double) (matrix[i]));} 
pw.println("    ;   ");} 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("  " +(double) (matrix[i]));} 
pw.println("    ;   "); 
for(int  k=1;k<(Q-((Q+3)/2))+1;k++) 
{ 
if(R[p][k]==Tm  &&  fl[p-1][k-1]<1.0)   // update liquid fractions  of nodes that  







} ///end  if 
} //end for 











if ((R[p][q]>=Tm)  &&   (R[p-1][q]< Tm))  // check the start of melting  
                                                              
149
{ 





  {fl[p][q-1]=0.0;} 
if (fl[p][q-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 











  {fl[p][j-1]=0.0;} 
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if (fl[p][j-1]>=1.0) 








  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
}   // end  for 
if ((R[p][(Q-((Q+1)/2))]>=Tm)  &&   (R[p-1][(Q-((Q+1)/2))]< Tm)) // center node check of 







  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 
pw.println("       ");  
for(int r=1;r<((Q-1)/2+1);r++) 
 { 
                                                              
151
 R[p][r]=matrix[r]; 
  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 } ///end if  
for(int u=0;u<(Q-3)/2+1;u++) 
{ 
if (fl[p][u] <= 0.0) 
  { 
  fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 
  fl[p][u]=1.0;} 
 F[p][u]=fl[p][u]; 
} 
for(int  q=1;q<(Q-((Q+3)/2))+1;q++)  // check end of melting  
{ 









 matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%end of meltingccc "+(double)(q)); 
for (int i=0;i<5;i++){ 
pw.print("      " +(double) (matrix[i]));} 
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  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 for(int e=aa+1;e<(Q-((Q-1)/2));e++) 
{ 
if ((R[p][e]>=Tm)  &&   (R[p-1][e]< Tm))  // check start of melting 
{ 
R[p][5]=R[p][3]; 





  {fl[p][e-1]=0.0;} 
if (fl[p][e-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 











  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 








  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
}   // end  for 
}   ///if 
}//for 
//check  end of melting of central node. 




pw.println("%fl "+(double) (fl[p-1][(Q-((Q+1)/2))-1])); 
X[(Q-((Q+1)/2))]=(Tm-L/c*(1-fl[p-1][(Q-((Q+1)/2))-1]));  //////****take  care **** 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
  pw.println("%end of meltingeexxxx "+(double)((Q-((Q+1)/2)))); 
for (int i=0;i<(Q-4);i++){ 
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pw.print("      " +(double) (matrix[i]));} 
pw.println("       "); 
 for(int r=1;r<(Q-4);r++) 
 { 
 R[p][r]=matrix[r]; 
  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 






if (fl[p][u] <= 0.0) 
  { 
  fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 












if (pw!=null) pw.close(); 
} //end main 
//methods 
public static double[]  gauss(double A[][],double[] X,int FALSE,int TRUE,double TOL,int NN,int 
N) 
{ 
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int k=1; 
double b[]=new double[N]; 
int OK=0 ; 
double ERR; 
while (( OK == FALSE)  &&   (k<= NN )) 
{   
  ERR = 0.0; 
for (int I = 0 ;I< N;I++)  
 { 
 double S = 0.0; 
 for (int J = 0 ;J< N;J++) 
 { 
 S = S-A[I][J]*X[J]; 
 } 
 S = (S+A[I][N])/(A[I][I]); 
 if (Math.abs(S) > ERR)  
 { 
  ERR  = Math.abs(S); 
 } 
 X[I] = X[I] + S; 
 } 
//STEP 4 
 // process is complete 
  if (ERR > TOL)  
 {  
// STEP 5 
  OK=FALSE; 
  k=k+1; 
//STEP 6 - is not used since only one vector is required 
 } 
 else if (ERR <= TOL)  break; 
 } 
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 return (double[])( b); 
}   //end METHOD  GAUSS ITERATION 
public static void printX(double[] m,int d) 
{ 
for(int i=0;i<d;i++) 
  System.out.print("   "+m[i]); 
} 




for(int j=0;j<(d+1);j++)   




//file reader  *************************** 
public static double[] find(double g ,String  fil,int x ) 
{ 
FileReader frs =null; 
StreamTokenizer in=null; 
String sname="slam"; 













 if (mid==g){  
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A.5 constant convectional heat transfer at end walls with 
       different solid  and liquid    thermal  properties source code: 
import java.io.*; 
public class  ConvCONN 
{ 
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private static   int t; 
private static   int Q; 
private  static   int l; 
private static   double[] matrix=new double[Q]; 
private static   int q; 





pw=new PrintWriter(new FileOutputStream("d:/resaleh/convconstant.dat")); 
} 
catch (IOException ex){} 




double[] Pm=new double[5]; 
Pm=find(3.0 ,"d:/resaleh/pcm.dat" ,5); 
for (int tm=0;tm<5;tm++){ 
pw.print("%  " +(double) (Pm[tm])); 
} 
double Tm=Pm[0];  
double dt=5.0; 




double  alpa; 
alpa=d/(roh*c); //diffusivity for solid phase  
pw.print(" ccc " +(double) (c)); 
double f;f=alpa*dt/(Math.pow(dx,2)); 
double  L=1000.0*Pm[2]; 
double[] t=new double[4]; 
int pl=1000; 
double hc=5.0; 
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double upcm=16.0;double Apcm=0.05; 
double fg=upcm*dx/d; 
double Ti=20.0;double roha=1.5;double ca=1044.0; 
double  alpal; 
alpal=.53/(1530.0*2200.0);   // diffusivity for liquid phase 
pw.print(" ccc " +(double) (c)); 
double fliq;fliq=alpal*dt/(Math.pow(dx,2)); 
double Bl=upcm*dx/0.53;    //Biot number for liquid phase 
pw.println("A=["); 
double Bi=upcm*dx/d;        //Biot number for solid phase 
double z=17.0; 





double[][] h=new double[Q][Q+1]; 










for(int k=2;k<(Q-2);k++){  // coefficients of other nodes at solid phase 
    h[k][k]=(1+2*f); 
    h[k][k+1]=-f; 
    h[k][k-1]=h[k][k+1]; 
    h[k][Q]=z;} 
double[] X=new double[Q]; 
for(int i=0;i<Q;i++) 
   {X[i]=z;} 
pl=2000; 
                                                              
160
double fl[][]=new double[pl][((Q-3)/2)+1]; 
 double F[][]=new double[pl][((Q-3)/2)+1]; 









double R[][]=new double[pl][((Q-1)/2)+1]; 
for (int i=0;i<pl;i++) 
{ 
for (int j=0;j<((Q-1)/2)+1;j++) 
{ 




pw.println("  "); 
//gauss(double A[][],double[] X,int FALSE,int TRUE,double TOL,int k,int NN,int N) 
 for (int p=1 ; p<1050 ; p++) 
{ 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("  " +(double) (matrix[i]));} 
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pw.println("    ;   "); 







for(int  k=2;k<(Q-((Q+3)/2))+1;k++) 
{ 
if(R[p][k]==Tm  &&    fl[p-1][k-1]<1.0) 






} ///end  if 
} //end for 








}       
if ((R[p][1]>=Tm)  &&   (R[p-1][1]< Tm)) //check start of melting of node 1 
{ 
//correction  of liquid fraction  
fl[p][0]=fl[p-1][0]+2*Bi*Fa*matrix[0]-2*Fa*(1+Bi)*Tm+2*Fa*R[p][2]-c/L*(Tm-R[p-1][1]); 
if (fl[p][0]<=0.0) 
  {fl[p][0]=0.0;} 
if (fl[p][0]>=1.0) 
{fl[p][0]=1.0;} 
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// update coefficient of node 1 
h[1][0]=0.0;h[1][1]=1.0;h[1][2]=0.0;h[1][Q]=Tm; 
h[Q-2][Q-1]=h[1][0];h[Q-2][Q-2]=h[1][1];h[Q-2][Q-3]=h[1][2];h[Q-2][Q]=h[1][Q]; 
//calculate  temperature at the same time step          
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT000"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 









  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 
  {fl[p][j-1]=1.0;} 
} 
}//if 
if ((fl[p][0]>=1.0)  &&  (fl[p-1][0]< 1.0)) //check end of melting  
{ 
 G=12; 
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X[Q-2]=X[1];  
 //calculate  temperature at the same time step          
matrix= gauss( h, X,0,1,0.00000000000001,10000000,Q); 
pw.println("%end of meltingrrrr "+(int)  (p)); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 







  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 }//end if  
for(int q=2;q<(Q-((Q-1)/2))-1;q++) 
{ 
if (R[p][q-1]>Tm){   // check start of melting of internal nodes 




 if (fl[p][q-1]<=0.0) 
  {fl[p][q-1]=0.0;} 
if (fl[p][q-1]>=1.0) 
  {fl[p][q-1]=1.0;} 
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matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT00011111"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 











  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 








  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
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} ///end if new 
}   // end  for 
//check start of melting of central node 
if ((R[p][(Q-((Q+1)/2))]>=Tm)  &&   (R[p-1][(Q-((Q+1)/2))]< Tm)) 
{ 





  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTTcenter"); 
for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 } ///end if  
for(int u=0;u<(Q-3)/2+1;u++) 
{ 
if (fl[p][u] <= 0.0) 
  { 
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  fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 
  fl[p][u]=1.0;} 
 F[p][u]=fl[p][u]; 
} 
//check end of melting of node i 
for(int  q=2;q<(Q-((Q+3)/2))+1;q++) 
{ 
if ((fl[p][q-1]>=1.0)  &&  (fl[p-1][q-1]< 1.0)) 
{ 
GR=q-1; 







// recalculate  temperature at the same time step  
 matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%end of meltingccc "+(double)(q)); 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 
pw.println("       ");  
//printX(matrix); 
 for(int r=1;r<((Q-1)/2)+1;r++) 
 { 
 R[p][r]=matrix[r]; 
  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
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 for(int e=aa+1;e<(Q-((Q-1)/2))-1;e++) 
{    // check start of melting  
if ((R[p][e]>=Tm)  &&   (R[p-1][e]< Tm)) 
{ 





  {fl[p][e-1]=0.0;} 
if (fl[p][e-1]>=1.0) 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTT0002"); 
for (int i=0;i<(Q+1)/2;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 













  {fl[p][j-1]=0.0;} 
if (fl[p][j-1]>=1.0) 







  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 
}  ///end if  
}   // end  for 
}   ///if 
}//for 
// check start of melting of central node  







  {fl[p][(Q-((Q+1)/2))-1]=0.0;} 
if (fl[p][(Q-((Q+1)/2))-1]>=1.0) 
  {fl[p][(Q-((Q+1)/2))-1]=1.0;} 





matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
pw.println("%correctionTTcenter"); 
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for (int i=0;i<((Q-1)/2+1);i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
 } ///end if  
// check end of melting of central node  




X[(Q-((Q+1)/2))]=(Tm-L/c*(1-fl[p-1][(Q-((Q+1)/2))-1]));  //////****take  care **** 
matrix= gauss( h, X,0,1,0.00000000000001,1000000,Q); 
  pw.println("%end of melting "+(double)(fl[p-1][(Q-((Q+1)/2))-1])); 
//update nodal coefficients for liquid phase  
h[(Q-((Q+1)/2))][(Q-((Q+1)/2))]=(1+2*fliq);h[(Q-((Q+1)/2))][(Q-((Q+1)/2))-1]=-fliq;h[(Q-
((Q+1)/2))][(Q-((Q+1)/2))+1]=-fliq; 
for (int i=0;i<((Q-1)/2)+1;i++){ 
pw.print("      " +(double) (matrix[i]));} 




  X[r]=matrix[r]; 
 } 
X[0]=matrix[0]; 
for (int i=1;i<((Q-1)/2)+1;i++) 
{ 
 X[Q-i]=X[i-1];} 
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    h[k][k]=(1+2*fliq); 
    h[k][k+1]=-fliq; 
    h[k][k-1]=h[k][k+1]; 





if (fl[p][u] <= 0.0) 
  { 
  fl[p][u]=0.0;} 
if (fl[p][u] >= 1.0){ 







  h[i-1][Q]=R[p][i-1]; 
 h[Q-i][Q]=h[i-1][Q];} 
 h[(Q-((Q+1)/2))][Q]=R[p][(Q-((Q+1)/2))]; 












if (pw!=null) pw.close(); 
} //end main*********************** 
//methods 




double b[]=new double[N]; 
int OK=0 ; 
double ERR; 
while (( OK == FALSE)  &&   (k<= NN )) 
{   
  ERR = 0.0; 
for (int I = 0 ;I< N;I++)  
 { 
 double S = 0.0; 
 for (int J = 0 ;J< N;J++) 
 { 
 S = S-A[I][J]*X[J]; 
 } 
 S = (S+A[I][N])/(A[I][I]); 
 if (Math.abs(S) > ERR)  
 { 
  ERR  = Math.abs(S); 
 } 
 X[I] = X[I] + S; 
 } 
//STEP 4 
 // process is complete 
  if (ERR > TOL)  
 {  
// STEP 5 
  OK=FALSE; 
  k=k+1; 
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//STEP 6 - is not used since only one vector is required 
 } 
else if (ERR <= TOL)  break; 
 } 




return (double[])( b); 
}   //end METHOD  GAUSS ITERATION 
public static void printX(double[] m,int d) 
{ 
for(int i=0;i<d;i++) 
  System.out.print("   "+m[i]); 
} 




for(int j=0;j<(d+1);j++)   




//file reader  *************************** 
public static double[] find(double g ,String  fil,int x ) 
{ 
FileReader frs =null; 
StreamTokenizer in=null; 
String sname="slam"; 















 if (mid==g){  
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A.6  The Truncation  Error :  
 
Second  Order Backward Difference  
        
( )










error truncationthe  called is  )t(O

















 1j,iT  of   expansion series Taylor
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Table.B.2      direct  and diffuse  solar radiation  intensity  falling at  vertical   and horizontal  
Surfaces (W/m2)  at 30o  N  [20] 
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Table. B.3  . Thermophysical propertiesof CaCl2 . 6H2O  [3] 
 
melting temperature Tm = 29°C 
 
latent heat L = 190.0kJ/kg 
 
thermal conductivity 
solid phase  = 1.09 W/mK 
liquid phase  = 0.53 W/mK 
 
specific heat 
solid phase c = 1.4 kJ/kgK 
liquid phase c = 2.2 kJ/kgK 
  
density 
solid phase  = 1710 kg/m3 
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Table B.4   Glazing Characteristics.  [23 ] 
Glass—single layer 
Light transmission*: 85-90% 
R-value**: 0.9 
Advantages: 
• Lifespan indefinite if not broken 
• Tempered glass is stronger and requires fewer support bars 
Disadvantages: 
• Fragile, easily broken 
• May not withstand weight of snow  
• Requires numerous supports  
• Clear glass does not diffuse light  
Polyethylene—single layer 
Light transmission*: 80-90% - new material 
R-value**: single film 0.87 
Advantages: 
• Heat loss significantly reduced when a blower is used to provide an air space 
between the two layers 
• IR films have treatment to reduce heat loss 
• No-drop films are treated to resist condensation 
• Treatment with ethyl vinyl acetate results in resistance to cracking in the cold and 
tearing 
• Easy to install, precise framing not required 
• Lowest cost glazing material  
Disadvantages: 
• Easily torn  
• Cannot see through 
• UV-resistant polyethylene lasts only 1–2 years 
• Light transmission decreases over time 
• Expand and sag in warm weather, then shrink in cold weather   
Polyethylene—double layer 
Light transmission*: 60-80%  
R-value** double films: 5ml film 1.5, 6ml film 1.7  
Advantages: 
• Heat loss significantly reduced when a blower is used to provide an air space 
between the two layers 
• IR films have treatment to reduce heat loss 
• No-drop films are treated to resist condensation 
• Treatment with ethyl vinyl acetate results in resistance to cracking in the cold to 
tearing 
• Easy to install, precise framing not required 
• Lowest cost glazing material  
Disadvantages: 
• Easily torn  
• Cannot see through 
• UV-resistant polyethylene lasts only 1–2 years 
• Light transmission decreases over time 
• Expand and sag in warm weather, then shrink in cold weather   
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   cont. tableB.4 
Fiber reinforced plastic (FRP) 
Light transmission*: 85-90% - new material 
R-value**: single layer 0.83 
Advantages: 
• The translucent nature of this material diffuses and distributes light evenly 
• Tedlar treated panels are resistant to weather, sunlight, and acids 
• Can last 5 to 20 years  
Disadvantages: 
• Light transmission decreases over time 
• Poor weather resistance 
• Most flammable of the rigid glazing materials 
• Insulation ability does not cause snow  
* note that framing decreases the amount of light that can pass through and is available 
as solar energy  
** R-Value is a common measure of insulation (hr°Fsq.ft/BTU) 
 
 
Table B.5 Optimal Values of Air Temperature in Greenhouses for Vegetable 
Cultivation. [ 24]  
Inside Air Temperature (°C)  
Development  Harvesting  Young  
   
Vegetable  Germination
Day* Day* Night Day Night  Plants  
Cucumbers  17-18  22-25  
27-




20  13-15  
Watermelon 








20  13-15  
Tomatoes, 
apple, paprika, 
and beans  
10-12  20-22  
25-




17  8-10  
 













Time curves Means variances t-value p-value conclusion 
2.8 (0-120 )min 
our numerical 
solution 


















0.16487 0.87111 Not significantly different 












16.28597 0.48859 0.62922 
Not significantly  
different 




125.993 -0.39677 0.70191 
Not significantly  
different 




4.93288 -4.3183 0.00152 
Significantly  
different 3.4 




15.09887 -0.12768 0.89946 
Not significantly  
different 




203.73989 0.3165 0.75813 
Not significantly  
different 




6.40372 2.91678 0.01539 
Significantly  
different 




48.21722 0.1681 0.8678 
Not significantly  
different 
3.5 




5.2349 0.06956 0.50252 
Not significantly  
different 







Not significantly  
different 

































0.80415 3.035 0.00571 
Not significantly  
different 







Not significantly  
different 













13.34474 -0.12875 0.89809 
Not significantly  
different 




85.79425 -0.48492 0.6343 
Not significantly  
different 




5.84895 -3.35562 0.00263 
Significantly  
different 




12.63202 1.13683 0.26125 
Not significantly  
different 
4.5 













102.17831 -0.27882 0.78325 
Not significantly  
different 




1.622 -3.82641 0.00124 
Significantly  
different 4.7 




61.95634 -0.27774 0.78223 
Not significantly  
different 
























2.62698 -0.56433 0.5788 
Not significantly  
different 
4.10 




1.92027 1.19448 0.23869 
Not significantly  
different 
Table.B.6. Statistical   analysis (T-Test) of the results: 




For the statistical analysis  the  t-test method  is  done  in  table     for  
asignificant level  0.05  , if  the p-value > 0.05    for two data sets then they are 






















Fig. no Time curves Means variances t-value p-value conclusion 




9.4565 -0.25499 0.8006 
Not significantly  
different 




1.92027 1.19448 0.23869 
Not significantly  
different 4.11 














2.02151 1.6525 0.11146 
Not significantly  
different 




0.35279 1.58639 0.12388 









0.41078 1.97321 0.05842 
Not significantly  
different 




34.57482 -0.46251 0.64871 









32.77336 -0.51704 0.6108 
Not significantly  
different 
4.16 
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